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Soft-water ecosystems 
In the temperate and boreal zones of the Northern Hemisphere soft waters 
are a characteristic and quantitatively important category of freshwater 
ecosystems. The term "soft" refers to low biological (bicarbonate) hardness 
of the water and indicates that the capacity of these aquatic systems for 
the neutralization of acid by bicarbonate is low. Low availability of 
nutrients (nitrogen, phosphorus and carbon compounds) limits plant growth 
and results in a low productivity. In the boreal zone low productivity is 
further enhanced by the short growing season, as a consequence of adverse 
climatic conditions. The sediment in soft-water ecosystems is generally 
richer in nutrients than the overlying water layer. 
Soft waters may be very different due to their geological history and the 
nature of the soil substratum. In large parts of Scandinavia, the northeast 
part of the United States and southeast Canada the soft-water systems have 
developed on bedrock with a high resistance to chemical weathering, e.g. 
granite and gneiss. Due to glacier activity the systems are often large and 
deep. They are frequently interconnected by water-courses and usually have 
large catchment areas. Soft-water systems situated in granite also occur in 
Great Britain. However, in atlantic and subatlantic Western Europe most 
soft-water systems have developed on leached, sandy soils, often as a 
result of wind erosion. These systems are small in size and shallow. Most 
of their water is derived directly from precipitation. As a consequence, 
water levels are fluctuating and partial or even complete desiccation of 
the aquatic sediments may occur in summer. As a result of the shallowness 
of these waters, aquatic macrophytes cover a substantial fraction of their 
sediments. This thesis will deal with the soft-water systems of the 
Netherlands, which are representative (to a fair extent) for the West 
European atlantic and subatlantic soft-water systems. 
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Acidification of soft waters in the Netherlands 
In the atlantic and subatlantic lowland regions of Western Europe the 
floristic degradation of soft-water ecosystems has been reported for 
several decades (S.O.L., 1957-1959; Dierssen, 1972; Lubben, 1973; 
Schoof-van Pelt, 1973; De Blust, 1977; Pietsch, 1977; Westhoff, 1978; Pott, 
1982; Wittig, 1982). These authors all considered eutrophication resulting 
from agriculture in the areas surrounding the waters, and human activities 
in these waters as the primary causes for the observed deterioration. 
Accelerated acidification, another adverse phenomenon in soft-water 
ecosystems in the West European lowland, was recognized only recently 
(Coesel et al., 1978; Van Dam and Kooyman-van Blokland, 1978; Roelofs, 
1983; Den Hartog, 1986) and was proved to be largely caused by acidifying 
atmospheric deposition (Schuurkes, 1987). 
On a worldwide scale, the most important acidifying components are S0X 
and N0 X. They cause direct acidification of precipitation and aquatic 
ecosystems by forming strong acids. In the Netherlands and several other 
regions of Western Europe, high emissions of ammonia from intensive 
livestock industries also contribute to and even exacerbate acidification. 
In the atmosphere ammonia reacts with and neutralizes acid components. In 
ammonia-affected areas, therefore, precipitation contains increased 
concentrations of ammonium sulphate and decreased levels of protons 
(Schuurkes et al., 1988b). Ammonia and ammonium-compounds cause 
acidification of aquatic ecosystems only after biochemical conversion into 
nitrate. This nitrification is an important acidifying process in shallow, 
soft waters with a sandy, oxidizing sediment, but is inhibited in those 
acidified waters where the sediment has become organic and reducing 
(Schuurkes et al., 1988a). In the latter category of waters the reduced 
nitrification results in increased ammonium concentrations. Experiments 
with artificial rain solutions proved that acidification and nitrogen 
enrichment resulting from the inputs of ammonium sulphate were responsible 
for the observed changes in the vegetation of Dutch soft waters (Schuurkes 
et al., 1987). The shallowness of Dutch soft-water systems has probably 
accelerated the acidification process. Desiccation of waters in very dry 
years promotes acidification, since under these conditions reduced sulphur 
and nitrogen compounds of atmospherical origin are oxidized (Van Dam, 
1988). It is this combination of anthropogenic acidification and ammonium 
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enrichment which makes the nature of the acidification problem in Western 
Europe different from that in Scandinavia and North America. 
Anthropogenic acidification of soft waters has very serious chemical and 
biological consequences. The most important changes in the hydrochemistry 
include an increase in protons and dissolved metals, a decrease in total 
ionic content, a temporarily enhanced availability of carbon dioxide, and a 
shift in the dominant form of dissolved inorganic nitrogen from nitrate to 
ammonium (Roelofs, 1983; Leuven, 1988). For all groups of aquatic biota, 
species diversity decreases strongly and a general shift occurs towards 
acidobiontic and acid-tolerant species (Leuven, 1988) 
Scope of the present study 
In the Netherlands the problem of water acidification has been approached 
in various ways. Ecological field studies, experimental studies in the 
laboratory, palaeo-limnological research and historical literature studies 
have been carried out (Klink, 1986; Leuven, 1988; Roelofs, 1983; Roelofs et 
al., 1984; Schuurkes, 1987; Van Dam, 1987). The field studies have mainly 
considered the spatial variation among aquatic ecosystems, since they tried 
to demonstrate the biological and chemical consequences of acidification in 
soft waters by comparing the results of recent surveys of acid and neutral 
waters. The experiments were undertaken to test correlations resulting from 
such field studies. 
However, historical studies, in which old and recent data are compared, 
are necessary to prove that acidification of soft-water ecosystems has 
indeed occurred in the course of time. Palaeo-limnological research has 
been applied in a few aquatic ecosystems to reconstruct their history, but 
is highly time-consuming (Klink, 1986; Van Dam, 1987). Studies of 
historical literature and unpublished documents have been carried out with 
respect to hydrochemistry (Leuven et al., 1986; Van Dam, 1987), fishery 
status (Leuven and Oyen, 1987) and the macrophyte Lit torelia uniflora (L.) 
Aschers. (Roelofs, 1983). This macrophyte is one of the dominant species in 
soft-water ecosystems. Old samples provided information on historical 
diatom assemblages (Van Dam, 1987). Changes in desmid assemblages could be 
reconstructed from extensive surveys of the desmid flora since the 
beginning of this century (Coesel et al., 1978). All these studies clearly 
demonstrated that acidification had occurred in Dutch soft waters. Yet a 
complete historical frame of reference, which would reflect the biological 
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and chemical situation in soft waters before they became acidified, did not 
exist. Knowledge of the former and recent distribution of soft waters and 
their state is indispensable for the assessment of extent and historical 
development of acidification of these waters. It was for this reason that 
the present study was undertaken. The scope of this thesis, however, 
includes more than the historical aspects of water acidification only. It 
focuses on a complete reconstruction of the deterioration of the Dutch 
soft-water flora. This thesis aims to present an ecological history of 
Dutch soft waters including an analysis of all important underlying factors 
and processes, their quantitative importance in the overall decline of 
Dutch soft waters and their flora and the historical development of this 
decline. 
For a reconstruction of the history of Dutch soft waters, aquatic 
macrophyte species were found to be the most appropriate indicators. As 
soft-water macrophytes occur in specific habitats and never have been very 
common, they were, and still are, popular among naturalists and biologists. 
This was considered a guarantee for the availability of sufficient 
historical documentation. Secondly, physico-chemical requirements of 
soft-water macrophytes are well-documented (Roelofs, 1983; Roelofs et al., 
1984; De Lyon and Roelofs, 1986). Recent physico-chemical and floristic 
data of soft and formerly soft waters were used to define soft-water and 
acid-water indicator species and to examine their application in indicating 
various abiotic conditions. The results were an important tool for the 
interpretation of the historical data. 
As a true historical reconstruction is not possible without taking notice 
of the use of soft waters by man, their management and use of land in the 
surroundings in past and present times were essential aspects of this 
study. Nature management urgently requires information on the mode of 
establishment and reproduction of soft-water species. For this reason, some 
pilot experiments on the germination ecology of Littorella uniflora (L.) 
Aschers., one of the most characteristic and dominant soft-water species, 
were undertaken. 
The studies of the literature and historical documents, as well as the 
field studies, were all based on the same large set of waters. Historical 
data were collected from archives, the literature and herbaria. They were 
used to deduce the former soft-water conditions in the waters. These 
reference conditions were compared to the contemporary floristic and 
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abiotic status of these waters in order to demonstrate the changes since 
the earliest floristic records and documentation. 
This thesis considers the species composition of the Dutch soft-water 
flora in relation to biogeography (Chapter 2). A classification based on 
plant-geographical criteria is presented and its ecological significance is 
discussed. Chapter 3 describes the abiotic factors which are highly 
correlated with the distribution of aquatic bryophytes in both currently 
acidified and non-acidified, formerly soft waters. Chapter 4 presents 
distribution data for soft-water macrophyte species with respect to pH and 
alkalinity, which have been used to establish their degree of tolerance to 
acidification. Chapter 5 discusses changes in the floristic composition of 
a selected group of formerly soft waters and the relation with underlying 
environmental factors, which have been studied by means of multivariate 
analysis. Chapter 6 demonstrates 20 century changes in soft waters using 
assemblages of indicator macrophyte species, defined on the basis of the 
autecological data presented in chapters 3 and 4. An overall picture of the 
quantitative importance of all factors underlying the observed decline in 
the occurrence of soft-water macrophyte species and the deterioration of 
soft waters is outlined in Chapter 7. Chapter 8 discusses the role of man 
with respect to the observed deterioration of Dutch soft waters. 
Experiments on the germination ecology of Littorella uniflora (L.) Aschers. 
are reported in Chapter 9. Finally, Chapter 10 evaluates the main results, 
considers them in an international context and discusses general 
implications for nature management. 
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ABSTRACT 
Arts, G.H.P. & Den Hartog, С (1990): Phytogeographical aspects of the West 
European soft-water macrophyte flora. 
A literature study on the plant geography of West European soft-water 
macrophyte species was carried out. The purpose of this study was to find 
an explanation for the specific composition of the Dutch soft-water flora. 
In the Netherlands, soft-water macrophyte species with very different 
geographical ranges co-exist. With respect to species distribution, four 
geographical groups could be distinguished: 1. a group with a boreal 
distribution. 2. a group with an atlantic distribution. 3. a group with a 
distribution that extends over the boreal and the atlantic area. 4. a group 
with a wider distribution. Boreal and atlantic species favour different 
soft-water microhabitats and are ecologically not similar. Littorella 
uniflora (L.) Aschers., both boreal and atlantic, combines the ecological 
characteristics of both groups of species. 
INTRODUCTION 
The soft waters of the West European lowland are characterized by a 
highly exclusive macrophyte flora, which, however, is not rich in species. 
During our research over the past decade it became apparent that the soft 
waters in the Netherlands generally have a richer flora than those in the 
surrounding countries. In this paper an analysis is given of the 
biogeography of the soft-water macrophytes in order to come to an 
understanding of this relative richness in species. 
Parallel with this biogeographical study, ecological data were collected 
in order to establish whether there is an interconnection between 
geographical distribution and the ecology of the species, and whether such 
an analysis may have consequences for the phytosociological classification 
of the soft-water plant communities. 
The present paper includes: 
Present address: Grontmlj nv, De Holle Bilt 22, 3730 AE 
De Bilt, the Netherlands 
Correspondence address. 
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1. A survey of the phytogeographical groups of the West European soft-water 
species. 
2. A reconsideration of the ecology of the species belonging to these 
phytogeographical groups. 
METHODS AND TERMINOLOGY 
The analysis of the distribution areas of the species was based on the 
works of various authors. The atlantic flora has been studied in detail by 
Dupont (1962) and Roisin (1969). Hultén has dealt with the amphi-atlantic 
(Hultén 1958) and boreal species (Hultén 1950) and Meusel et al. (1965, 
1978) considered the central European flora. Apart from these general books 
we also consulted specialized works on aquatic plants (Donat 1926-1928; 
Samuelsson 1934; Sculthorpe 1967; Casper Ь Krausch 1980, 1981) and various 
flora atlases such as Perring & Walters (1962) for Great Britain, Van 
Rompaey & Delvosalle (1972) for Belgium, Mennema et al. (1980, 1985) and 
Van der Meijden et al. (1989) for the Netherlands, Haeupler & Schönfelder 
(1989) for F.R. Germany and Jalas & Suominen (1989) for Europe. 
The term atlantic species is used in the broad sense, including all 
species which are restricted in their occurrence to the atlantic "coastal" 
areas, from Portugal northward to southern Norway, and which extend at most 
500-1000 km inland. A distinction between "euatlantic" and "subatlantic" 
was not made, as these terms can not be sharply defined and are applied 
inconsistently by various researchers (Dupont 1962; Roisin 1969). Thus the 
term atlantic covers both the euatlantic and subatlantic regions. In 
accordance with Hultén (1958), the term amphi-atlantic is applied to boreal 
plant species occurring on both sides of the Atlantic Ocean. 
RESULTS AND DISCUSSION 
1. Phytogeographical groups 
The results of the biogeographical analysis are shown in Table 1. The 
table contains all soft-water species of Western Europe, as well as a 
number of species which are commonly found in soft waters, but have a much 
wider ecological range. It is obvious that the soft-water flora is rather 
heterogeneous. Four biogeographical groups can be distinguished, viz.: 
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1.boreal species which have their main distribution in the northernmost 
parts of the northern temperate zone, with some relic stations in 
France and the mountainous areas of Central Europe. 
2.atlantic species, which occur only in atlantic "coastal" areas. A few 
species extend along the western Mediterranean and are distinguished as 
atlantic-mediterranean. 
3.species which have a combined boreal and atlantic distribution. 
4. species which have a much wider and generally a more continental 
distribution. 
Fig. 1A shows the geographical area in Europe where the species 
classified as boreal and those classified as atlantic are to be found, 
while Fig. IB presents the distribution of the species which have a 
combined boreal and atlantic distribution. The map in Fig. 1A clearly shows 
that the Netherlands is in the region where the distribution areas of 
boreal and atlantic species overlap. Among the boreal species, Lobelia 
dortmanna L. reaches the southern limit of its continuous area of 
distribution in the "Kempen" district in Belgium. Further southward there 
are some isolated populations in Brittany and south-western France. The two 
Isoetes species are already outside their main area of distribution in the 
Netherlands. They did occur in a few scattered localities. Isoetes 
echlnospora Durieu was also known from Belgium. Further southward they 
occur only in isolated mountainous stations. The same is true for Subularia 
aquatica L., which has been recorded in the Netherlands once and was known 
to occur in various localities in the "Kempen" district in Belgium. 
The atlantic floral element dwindles out towards the north, no doubt as a 
consequence of gradually decreasing winter temperatures; however, almost 
all species do reach the Netherlands. In the case of .Ranunculus omiophyllus 
Ten., which is common in Britain and western France, the occurrence is 
marginal, as it has been found only once. Ranunculus ololeucos Lloyd, 
Ranunculus trlparcitus DC. and Яурегісит elodes L. extend northward into 
north-western Germany. Echinodorus repens (Lamk.) Kern & Reichgelt reaches 
the northern limit of its area in the "Kempen" district in the Netherlands 
(Kern & Reichgelt 1950). The second author could not confirm the occurrence 
of this species in north-western Germany. Most atlantic species reach 
southern Norway and Sweden; Luronium natans (L.) Raf. is, however, 
25 
TABLE 1. Riytogeographical groups in the Vfest biropean soft-vater flora. 
* on other continents as «ell + not in the Nstherlands 
(*) ditto but very few localities (+) probably extinct in the Netherlands 
Boreal suecies 
* Isoetes lacustris L. s.l. 
* Isoetes echinospora Шгіеи s.l. 
* Lobelia dortnanna L. 
*(+) Sabularia aquatica L. 
* + firiocaulon aguaticum (Hill) Druce 
* + 
* + 
Ranunculus reptans L. 
Potarogeton epihydrus Raf. 
Species xAiich are boreal as rell as a t l a n t i c 
* Myriofhyllum alcemiflorvm DC. 
* L i t t o r e U a uniflora (L.) Aschers. 
Atlantic species 
a. not reaching Denrmrk: 
Hypericum elodes L. 
Echinodorus repens (Lank. ) Kern & Reichgelt 
Ranunculus ololeucos Lloyd 
(+) Raramculus omiophyllus Ten. 
(+) Raixmculus tripartitus DC. 
b. extending into southern tfcrway and Sweden: 
Pilularia globulifera L. 
* Scirpus f luit ans L. 
Ілгопіш! natans (L.) Raf. 
(*) ibcarrogeton polygonifolius Pcurret s.s. 
.Echinodorus ranunculoides (L.) Engelm. ex Aschers. 
* і4ріші inundatum (L.) Rchb. 
Elatine hexandra (Lapierre) DC. 
Eleocharis nulticaulis (Sm. ) Sm. 
Deschanpsia setacea (Huds.) Hack. 
Species with a wider distribution: 
* Utricularia australis R.Br. 
Nitella flexUls (L.)J. Agardh 
Chara globular is Ihuill. 
var. globularis 
Calütriche hanulata Kitz, ex Koch 
(*) Junáis bulbosos L. 
* ibtanngeton obtosifoüus №rt. & Koch 
Lythrum portola (L. )D.A. Vfebb 
ibtanDgeton gramineus L. 
Eleocharis acicularis (L. ) R. et Sch. 
Spargandimi тіліліші Wallr. 
(*) Ranmculus flannula L. 
Raizmculus peltatus Schrank 
* + £leochari5 párvula (R. et Sch. ) Link ex Bluff, 
Nées et Schauer 
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extremely rare in the northern part of its area of distribution (Samuelsson 
193A; Nilsson Ь Gustafsson 1978). 
The relative richness of the soft-water flora of the Netherlands is thus 
a consequence of its geographical position, just within the area of the 
boreal species and just within the area where the atlantic flora is still 
fairly well represented. 
2. Ecological aspects 
a. Autecology of the species in relation to bioeeoeraphical groups 
The group of boreal species 
In western Europe the boreal group consists of seven species, which are 
all amphi-atlantic. This means that the taxa are morphologically very 
similar on both sides of the Atlantic, but it does not imply that they are 
genetically identical. 
Both Isoetes species are polymorphic, i.e. they have developed a number 
of more or less differentiated races in Europe and North America, which are 
considered by some authors to constitute separate species, but are treated 
collectively by others (Hultén 1958; Kott & Britton 1983). Taxonomie 
controversies concerning the taxon Isoetes have not been fully resolved to 
this day. Recently, Kott & Britton (1983) published a taxonomie revision of 
the genus in northeastern North America, which was based on a wide range of 
criteria. It was found that the European Isoetes echinospora Durieu and the 
North American Isoetes braunii Durieu and Isoetes muricata Durieu are very 
similar in most characteristics. Together they are named Isoetes 
echinospora sensu lato. I. braunii and I. muricata have also been treated 
as varieties and subspecies of Isoetes echinospora. A complete list of 
synonyms is given by Kott & Britton (1983). These authors also suggest that 
the European Isoetes lacustris L. and the American Isoetes macrospora 
Durieu are in fact the same species. To prove the latter statement, 
however, further work would be required. Polymorphism in Isoetes may have 
been stimulated by the complex reproduction of this cryptogam, causing 
inbreeding and local variations between populations. 
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Fig. IA. The geographical area in Europe where the species classified as 
boreal and those classified as atlantic are distributed. Outlying records 
are not presented. : boreal species; — — — — ; atlantic species. 
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Fig. IB. The geographical area in Europe of the species which have a 
combined boreal and atlantic distribution. Outlying records are not 
presented. : Littorella uniflora; : Myriophyllum 
alterniflorum. 
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In contrast, Lobelia dortmanna shows very little variability over its 
geographical range. With respect to Eriocaulon aquaticum (Hill) Druce, it 
can be remarked that the chromosome number of the European population 
differs from that in North America (2n=64 versus 2n=32) (Love Ь Love 1958). 
Mulligan & Calder (1964) claim that the European and the North American 
populations of Sabularia aquatica can be regarded as subspecies on 
morphological grounds. The native British populations of Potamogetón 
eplhydrus Raf. have not been studied in this respect, but Sculthorpe (1967) 
expects them to consist of genetically impoverished clones. 
Of the two species in Europe that have a combined boreal and atlantic 
distribution, Myriophyllum alterniflorum DC. is amphi-atlantic as well. Its 
variety americanum Pugsl. has also been recorded from the British Isles. 
There are differences of opinion about the taxonomie status of the 
vicarious species Littorella uniflora and Littorella americana Fernald. The 
latter was described by Fernald (1918), but is considered by some authors 
as a variety of the former species or even as conspecific with it. Although 
further study will be necessary to settle the taxonomy of Littorella, it is 
clear that the North American taxon and the European one are 
morphologically very similar (Dietrich 1971). The differences described by 
Fernald (1918) seem to be within the range of variation shown by the 
European species. 
According to the definition by Den Hartog & Van der Velde (1988), all 
boreal and atlantic-boreal soft-water species are, with one exception, true 
aquatic plants, i.e. they can achieve their generative reproduction with 
all vegetative parts submerged. Furthermore, it is striking that with the 
exception of .Potamogetón epihydrus and Myriophyllum alternif lorum all 
species are isoetids, i.e. species with a contracted stem and a rosette of 
stiff, compact, radical leaves with large air lacunae. The isoetid growth 
form can be considered the most efficient growth form for aquatic plants 
under the circumstances prevailing in oligotrophic soft waters, where 
hardly any inorganic carbon is available. The surface-volume ratio is 
reduced, and the large air lacunae favour internal transport of gases. CO2 
produced during photorespiration may be used again, and O2 produced during 
photosynthesis can be transported to the roots where it can be released 
into the substratum, aiding the oxidation of organic material, which 
provides them with CO2 (Sondergaard 1979; Sondergaard & Sand-Jensen 1979; 
Roelof s et al. 1984). Furthermore, several species apply CAM 
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photosynthesis, which is a clear adaptation to environments where CO2 
availability is limited (Madsen 1985). There is a clear relationship 
between the development of underground biomass and the nutrient content of 
the environment; the root system is very well developed in oligotrophic 
substrates, which at the same time secures excellent anchoring. 
As these plants are all true aquatics, they abound in permanently 
submerged waters. Isoetes lacustris can descend down to 4 m depth and 
cannot stand emersion. Isoetes echlnospora and Lobelia dortmanna occur in 
shallower waters and can tolerate short periods of emersion. This is also 
true for .Eriocaulon aquaticum and Subularia aquatica. Llttocella uniflora 
occupies a special position, as it can descend to considerable depths, but 
is only able to reproduce generatively in very shallow waters or when the 
plants are emerged. The species is able to develop a special terrestrial 
form with flattened leaves (Casper & Krausch 1981). The sterile aquatic 
form of .Ranunculus reptans L. exhibits an isoetid growth form. 
The boreal isoetids in particular have their habitat in the very soft 
waters. These aquatic systems are characterized by a very low alkalinity (< 
1 meq.l- ) and are the least buffered of the soft waters. This type of 
water was very common in the Netherlands and Belgium in the first half of 
this century. Its flora comprised Isoetes lacustrls. Lobelia dortmanna, 
Líttorella uniflora and a few atlantic species, all of them tolerant to 
acid conditions (Arts et al. 1990). The more widely distributed soft-water 
species were absent from these very soft waters. They were inhabitants of 
the soft waters, which had a higher acid-neutralizing capacity (alkalinity 
up to 2 meq.l" ) and whose richer flora also comprised a higher number of 
atlantic species. 
The group of atlantic species 
The atlantic soft-water species are for the larger part no true aquatic 
plants, but amphiphytes, which are able to tolerate inundation for a 
considerable time, but can only reproduce in the short period when they are 
emerged. They are restricted to the banks of water systems with fluctuating 
water levels. Due to the shallowness of the Dutch soft-water habitats these 
plants may form a quite extensive vegetation. 
Among the atlantic soft-water species are only five true aquatics, viz. 
Ranunculus ololeucos, R. omiophyllus, R. tripartitas, Potamogetón 
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polygonifollus Pourret and Luronium natans. Ranunculus ololeucos and R. 
tripartitus are batrachiids, i.e. heterophyllous species with finely 
divided submerged leaves and floating leaves; the other three species have 
only floating leaves and are mini-nymphaeids. It is obvious that the 
floating leaves of these species provide them with sufficient inorganic 
carbon from the air and enable them to live in soft water. However, the 
petioles and stems cannot be too long, as the production of the necessary 
structural carbohydrates is a costly investment in a carbon-stressed 
environment. Thus these species are restricted to shallow water. Another 
factor that may restrict their occurrence is that the plants are fully 
submerged before they develop floating leaves, and then are completely 
dependent on the inorganic carbon available in the water itself or the 
bottom substrate. How Potamogetón polygonifollus and the Ranunculus species 
deal with this problem is still fully unknown; in the juvenile stages under 
submerged and oligotrophic conditions, plants of Luronium natans are often 
isoetid. When submerged, the two amphiphyte Echinodorus species can also 
adopt an isoetid growth form. Most atlantic species are generally found 
under less extreme alkalinity circumstances than the boreal species. 
Species with a wider distribution 
This is in fact a residual group. It contains mainly species which are 
frequently found in soft waters, but which also occur in waters with a 
higher content of inorganic carbon, and with higher nutrient 
concentrations. They are less exacting in their ecological requirements 
than the species of the other groups and thus by no means characteristic. 
However, some of these species may be dominant, e.g. Potamogetón gramineus 
L. and £2eocharis acicularis (L.) R. et Sch. The only species in this 
residual group with very special requirements is Eleocharis párvula, a 
small perennial with an isoetid growth form. This species is strictly bound 
to sites where oligotrophic soft water comes into contact with unpolluted 
brackish or sea water (tidal oscillations, temporary flooding, mixing). 
b. Synecoloeical aspects 
The boreal and atlantic soft-water species generally occur spatially 
separated, as a consequence of differences in morphological and 
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ecophysiological properties of the species, and differences in their 
tolerance to the degree of harshness of the abiotic environment. The boreal 
soft-water plants (Isoetes lacustrls, Isoetes echinospora, Lobelia 
dortmanna, Eriocaulon aguaticum, Subularia aquatica) are submerged isoetids 
which occur mainly in waters with an alkalinity of 1 meq.l or less. They 
tolerate acidification to some extent, except for Isoetes echinospora (Arts 
et al. 1990). Their community has been described as Isoeto-Lobelietum, 
although also other names have been employed for some rather equivalent 
communities in restricted areas (Westhoff & Den Held 1969; Schoof-van Pelt 
1973; Dierssen 1975¡ Pietsch 1977), and has been classified traditionally 
in the Littorellion alliance (order Littorelletalia) (Westhoff & Den Held 
1969). 
The atlantic soft-water communities are less homogeneous. One can 
distinguish a group of truly aquatic communities, which can be accommodated 
in the Potamion graminei (order Luronio-Potametalia), and a group of 
amphiphytic communities, which in the past have been classified in various 
ways. In the most recent phytosociological treatment (Schaminée et al. 
1990) they have been placed in the Hydrocotylo-Baldellion and 
Samolo-Baldellion (order Littorelletalia). 
In addition to Juncus bulbosus L. , which has a wider range and thrives 
optimally in acidified waters, the only "connecting species" between the 
submerged Littorellion alliance and the amphibious Hydrocotylo-Baldellion 
is Littorella uniflora. Not only does this aquatic macrophyte have a 
boreal-atlantic distribution, but it is also the least exacting species of 
the isoetids. Its tolerance to desiccation and to a higher trophic level 
and higher alkalinity enable it not only to grow in the submerged boreal 
community, but also to extend higher on the shore into amphibious 
communities of the atlantic Hydrocotylo-Baldellion. Consequently, the 
vegetation on exposed mineral bottoms in the sublittoral of soft-water 
bodies in the atlantic area of Western Europe, where the boreal species 
have dwindled out, generally consists of a dense unispecific sward of 
Littorella uniflora, which continues into the lower part of the littoral 
zone. The amphiphytic species of the Hydrocotylo-Baldellion are confined to 
the littoral zone, but also settle in the area occupied by the uppermost 
part of the Littorella sward. In shallow soft-water bodies, which are 
common in the Netherlands and Belgium, this zonation pattern is usually 
disguised. In the general geographical context, however, this situation in 
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the Netherlands and Belgium can be considered atypical. It has complicated 
syntaxonomic classification. In the boreal regions of Europe amphiphytic 
communities with Ranunculus repCans take the same zonational position as 
the Hydrocotylo-Baldellion communities. 
Different views exist about the syntaxonomic position of boreal and 
atlantic soft-water communities. There is a consensus of opinion, however, 
that they must in any case be considered to belong to two different 
alliances. Den Hartog (1983) suggests that the aquatic and isoetid plant 
communities of the Littorellion are so different from the amphiphytic 
communities of the Hydrocotylo-Baldellion, that they must be classified 
into different orders, but Dierssen (1975) and Schaminée et al. (1990), 
among others, place them in one and the same order. 
From an ecological point of view it is interesting to compare the 
Hydrocotylo-Baldellion with more eutrophic vegetation units. Den Hartog & 
Segal (1964) suggested that the Hydrocotylo-Baldellion (then called 
Hypericion elodis) is in many respects the counterpart of the 
Lolio-Potentillion anserinae (then called Agropyro-Rumicion; see Sykora 
(1983)) in the poor environments, because it occupies a transition area 
between the contrasting regimes of the aquatic and the terrestrial 
environments and consequently is subjected to environmental fluctuations as 
a consequence of periodic (predictable) and episodic (unpredictable) 
fluctuations of the water level (flooding, drought). 
CONCLUSIONS 
- In the Netherlands, soft-water species with very different geographical 
ranges co-exist. This combination of species, some of which have a very 
limited distribution, greatly contributes to a characteristic, rare and 
relatively species rich soft-water flora. 
- Within the Dutch soft-water flora, four main geographical groups can be 
distinguished. 
- Boreal and atlantic species favour different soft-water microhabitats and 
are ecologically not similar. 
- Littorella uniflora has geographical as well as ecological 
characteristics of both the atlantic and the boreal species. 
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Abstract 
The aquatic moss vegetation in 69 originally low alkaline, shallow 
pools and lakes in The Netherlands is related to the physico-chemical 
condition of the water and the morphometric characteristics and 
hydrology of the water bodies. In turbid pools and lakes with high 
ionic concentrations, submerged bryophyte species were lacking. 
Ordination of the quantitative data of moss species shows a distinct 
correlation between pH, alkalinity and related parameters, and the 
variation in the species composition. Classification of the sites 
reveals differences in the moss vegetation, which are significantly 
related to water quality. On the basis of autecological data, 
indicator values have been assigned to moss species with submerged 
occurrences. Physico-chemically, the waters can be grouped into acid 
and neutral waters and a sharp boundary is present between the 
distribution patterns of aquatic moss species growing in the acid and 
neutral groups. A subdivision of acid waters according to important 
physico-chemical parameters is supported by the distribution patterns 
of the aquatic moss species. Implications for the understanding of 
Sphagnum growth are discussed. Aquatic bryophytes prove to be useful 
indicator species for water quality, particularly in systems poor in 
aquatic vascular plants, such as acidified waters. 
Key words: acidification, aquatic moss species, canonical 
ordination, indicator species, species distribution patterns, 
Sphagnum, water quality 
Gertie Arts, Laboratory of Aquatic Ecology, Catholic University, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands. 
INTRODUCTION 
Bryophytes are often conspicuous elements of the macrophyte vegetation of 
flowing watercourses and lakes. In extreme habitats, where angiosperme 
cannot survive, bryophytes may be abundant. Being more shade-tolerant and 
less sensitive to high hydrostatic pressure, they can penetrate to 
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considerably greater depths than angiosperme (Light Ь Smith 1976; Smith 
1982). Acidified aquatic ecosystems constitute another extreme habitat in 
which bryophytes form an important part of the submerged macrophyte 
vegetation (Hendrey & Vertucci 1980; Roelofs 1983; Singer et al. 1983; 
Grahn 1986; Arts 1988a; Raven 1988). 
So far, studies in which the distribution of bryophyte species is related 
to water quality are very scarce. Most studies on aquatic mosses are 
qualitative in nature (for example Iversen 1929); few quantitative 
ecological studies have been conducted (Smith 1982). Sörensen (19A8) is the 
first author who presents pH and alkalinity ranges for a number of water 
mosses, but he disregards whether they occur submerged or at localities of 
a more swampy character. 
The purpose of the present paper is twofold. Firstly, it describes the 
abiotic factors which are highly correlated with the distribution of 
aquatic mosses in originally low alkaline, shallow and fully mixed pools 
and lakes in The Netherlands. (The term aquatic moss is used in the broad 
sense to cover all the types from the submerged to the emergent groups. 
When submerged occurrences of species are referred to, this is stated 
explicitly.) Secondly, it gives quantitative relations between these 
factors and the submerged occurrence of some dominant aquatic mosses. Such 
relations provide information on the autecology of the species and enable 
the use of bryophytes as indicator species of water quality. The latter is 
particularly important for the subdivision of acidified waters, because 
vascular plants are of minor significance in these systems. 
MATERIALS AND METHODS 
Study sites 
The aquatic moss vegetation was studied in 69 waters, located in the 
Province of Overijssel, The Netherlands (Fig. 1). The waters are situated 
on highly quartzitic, sandy, Pleistocene deposits, which are poor in lime 
and nutrients. They are relatively small (< 7.7 ha), shallow (maximum depth 
generally < 2 m) and fully mixed. The sampling sites comprise moorland 
pools (30 % of the waters sampled), small lakes (33 Z), ditches and canals 
(28 Z), sod-cut patches in moorland, where the organic top layer has been 







Fig. 1. The geographical 
distribution of the 
sampling sites. The 
contour of the Province 
of Overijssel is drawn 
with a bold line. 
These sites were, and a few still are, characterized by the presence of 
aquatic vascular plants indicative of oligotrophic, soft water. The records 
of these aquatic macrophytes in the literature and archives cover the 
period ± 1880 to 1986 (Arts 1988b). The investigated waters, which were 
more similar in the past than they are today, have changed greatly in the 
course of time. Nowadays these waters are largely acidified or 
eutrophicated, depending on differences in the buffering capacity of the 
water and sediment, hydrology and acidifying deposition (Arts 1988b). The 
aquatic mosses occurring at present can be considered indicative of the 
changed situation. The sites outside the Province of Overijssel presented 
in Fig. 1 are included only in the examination of species distribution 
patterns. These sites, representing the same type of originally soft water, 
are situated in other Pleistocene regions and in the coastal dune area. 
43 
Environmental parameters 
All the sites were sampled in the summer of 1986. The pH of a mixed water 
sample (open water) was immediately measured with a Metrohm model E488 
pH/mV-meter and a model EA 152 combined electrode. Alkalinity (ALK) was 
estimated by titration of 100 ml water with 0.01 N HCl down to pH 4.2 and 
acidity (AC) by titration with 0.01 N NaOH up to pH 8.2. Electrical 
conductivity and temperature were measured with a portable conductivity 
meter (YSI-SCT meter, model 33). The conductivity measurements were 
corrected for pH and converted to the corresponding values at a temperature 
of 180C (ECC) according to Vangenechten et al. (1981). The maximum depth 
(DEPTH), shading and shelter of each sampling site were recorded. 
Information was collected on the hydrology, such as permanence (PERM) of 
the water layer (i.e. drying up in summer or not) and isolation (ISOL) of 
the water-body (i.e. dependence on rainwater and superficial groundwater 
only). 
Floristic composition and nomenclature 
In each water body the maximum cover of each moss species was estimated 
in a 25 m area within a large stand. In addition to the mosses, the 
maximum cover of other macrophytes (vascular plants) was estimated. Mosses 
in the water layer, the littoral parts and on the shores were collected and 
taken to the laboratory for identification and verification. Submerged and 
emergent mosses were treated separately. The nomenclature of the mosses 
follows that of Dirkse et al. (1989). For identification of the species 
which belong to the Amblysteglaceae revised identification keys (Touw & 
Rubers 1989) were used. 
Chemical analyses 
In the water samples ammonium (NH4+), nitrate/nitrite (НОз~/Ш2~) and 
orthophosphate (PO^3-) were measured colorimetrically using a Technicon II 
Auto Analyzer. Chloride (CI") was determined colorimetrically and both 
sodium (Na ) and potassium (K+) were determined by flame-photometry with a 
Technicon I Auto Analyzer. Cadmium (Cd) and lead (Pb) concentrations were 
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estimated with a video 11 AA/AE Atomic Absorption Spectrophotometer. For 
manganese (Mn), iron (Fe), aluminium (Al), magnesium (Mg ), calcium 
(Ca2+), zinc (Zn), silicon (Si), sulphur (S) and total phosphorus (t-P), 
an ICP emission spectrophotometer IL Plasma 200 was used. 
Data-processing 
Quantitative data concerning the submerged moss vegetation and those 
relating to the complete list of moss species were processed separately. 
Moss species (emergent and submerged) were absent from 13 waters. 
Initial clustering of sites was performed with the program TWINSPAN (Two 
Way INdicator SPecies ANalysis) (Hill 1979). This initial clustering was 
improved by means of fusion and division of clusters, using the program 
FLEXCLUS (Van Tongeren 1986). The criteria applied were stability and 
homogeneity of clusters, combined with ecological insight. Aberrant releves 
were allocated to a separate cluster. After classification of sites the 
data on aquatic vascular plants were added to the table representing the 
submerged moss vegetation to reveal the co-occurrence of the two groups of 
macrophytes. The Wilcoxon test was used to examine differences in water 
quality and other abiotic characteristics between: 
- waters harbouring and lacking submerged aquatic mosses. 
- groups of sites with different submerged moss vegetation. 
To detect species-environment relations, Canonical Correspondence 
Analysis (CCA) was used (Ter Braak 1986; 1987a; 1987b). As most aquatic 
bryophytes are haptophytes, i.e. attached to but not penetrating the 
sediment (Luther 1949), or (bentho)pleustophytes (Luther 1979), sediment 
characteristics were not included in the analysis. CCA is a constrained 
ordination technique, the results of which are based simultaneously on 
species abundances and environmental variables. Environmental parameters 
which are highly correlated with other explanatory variables (=collinearity 
among variables), and therefore make no unique contribution to the 
explanation of species diversity, were deleted from the analyses. Thus, 
calcium and magnesium were eliminated in the analysis from the overall 
dataset, because they had high correlations with each other and with other 
parameters (chloride, sodium, pH, alkalinity and sulphur). Calcium and 
magnesium were subsequently added to the ordination diagram by means of 
passive analysis. All variables except pH and the nominal variables 
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(shading, shelter, hydrological isolation and permanence of the water 
layer) have been log-transformed, because they are log-normally 
distributed. Shading and shelter were each divided into three classes (1. 
shaded - SHAD, sheltered = SHELT, 2. shading or shelter on one side 
(ONESSHAD and ONESSHELT, respectively) and 3. not shaded - NOTSHAD, not 
sheltered = OPEN). Isolation and permanence each had two classes (isolated 
(ISOL) and not isolated (NOTISOL), permanent (PERM) and semi-permanent 
(SEMIPERM). 
The Monte Carlo permutation test was applied to test the significance of 
species-environment relationships. Significant correlations were absent in 
the dataset comprising the submerged moss species only, due to collinearity 
among variables and the fact that too many environmental parameters were 
involved in the ordination in proportion to the number of samples. By 
statistical (an approximate t-test of the canonical coefficients in a 
multiple regression of each axis on all environmental variables) and 
ecological evaluation, a subset of parameters was selected that explains 
the species data statistically almost as well as the full set. 
The distribution of submerged aquatic mosses in relation to pH and 
alkalinity is presented by means of the calculated median, 25 percentile 
and 75 t h percentile, and minimum and maximum values. When asymmetric 
distributions are involved, the median is a more representative measure 
than the arithmetic mean. Extreme values would shift the arithmetic mean 
towards a completely unrepresentative value (Sokal & Rohlf 1981). These 
calculations also incorporate pH and alkalinity data and the covers of moss 
species for 58 originally soft waters (moorland pools and small lakes) in 
other Pleistocene regions and the coastal dune area (Arts 1987) (Fig. 1). 
RESULTS 
Classification of sites according to their moss vegetation 
According to the submerged moss vegetation, the sites can be grouped into 
nine clusters (and one residual group) (Table 1). The species Sphagnum 
cuspidatum Ehr. ex Hoffm., S. denticulatum Brid. and Drepanocladus fluitans 
(Hedw.) Warnst, can occur in monospecific beds or as mixed vegetation. In 
contrast, Fontlnalis antipyretica Hedw., .Riccia fluitans I., Calliergonella 
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cuspidata (Hedw.) Loeske and Calliergon cordifolium (Hedw.) Kindb. seldom 
if ever occur in each others' habitats. 
Table 1A. The submerged bryophyte vegetation, clustering of sites and some 
important physico-chemical characteristics of the water of the clusters 
(median values). R means residual group. Alkalinity and acidity are 
presented in tneq.l" . Calcium is presented in pmol.l"·1- and electrical 
for 
<25 
conductivity (ECC) corrected for pH and temperature) in pS.cm
-1
. Scale 
cover/abundance (maximum cover/abundance estimated for 25 m 2 ) ; 1 = 
specimens; 2 = 25-100 specimens; 3 = > 100 specimens; 4 = cover 5-25 Z; 
cover 25-50 %; 6 = cover 50-75 %; 7 = cover 75-100 Z. The clusters 
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CLUSTER: 
1. Sphagnum cuspidatum 
2. Drepanocladus fluitans 
3. Sphagnum denticuiatum 
4. Cladnpodiella fluitans 
5. Drepanocladus exannulatus 
6. Fontinalis antipyi etica 
1. Ri ceta fluitans 
8 Calheigonella cuspidata 
9. Calliergon cordifolium 

















































































Table IB. Aquatic vascular plants and Characeae, found in the sites 
presented in Table 1A. The classification is based upon the submerged 
bryophyte vegetation, so the cluster numbers correspond to those of Table 
1A. The scale for cover/abundance is presented in Table 1A. 
CLUSTER 
J uncus bulbosus L 
Glvcenafluitans (L.)R Br 
Nymphaea alba L 
Potamogetón natans L 
Lemna minor L. 
Calhtuche hamulata KUtz. ex Koch 
Luromum natans (L )Raf 
Elodea nuttalln (Planchón) Si John 
Hottoma palustris L. 
Eleot haits aatulans (L )Roemer & 
Callttnche spp Schultes 
Utnt ularta austrahs R Br 
Sen pus fluitans L. 
Hvpencum elodes L. 
Pilulana globulifera L. 
Ranunculus circinatus Sibth. 
Nttella spp 
Mynophvllum spicatum L. 
Nuphai lutea (L )Sm. 
Elodea canadensis Michaux 
Spirodela polyrhiza (L.) Schleiden 
Lythrum portula (L.)D. A. Webb 
Ranunculuspeltatus Schrank 
Chara globularis Thuül 
Lobelia dortmanna L 
Littoiella uniflora (L.)Aschers. 
Apium inundation (L.) Rchb. 
Ranunculus flammula L. 
Elatine hexandra (Lapiene) DC 
Potamogetón obtusifoltus Mert & Koch 









































































































Table 2. The complete list of bryophytes found in the sampling sites, 
clustering of sites and some important physico-chemical characteristics of 
the water of the clusters (median values). Alkalinity and acidity are 
presented in meq.l" . Calcium is presented in μτηοΐ.ΐ and electrical 
conductivity (ECC, corrected for pH and temperature) in pS.cm"^. The scale 
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Sphagnum cuspidatum Ehr. ex HofTm. 
Drepanocladus ßuitans (Hedw.) Warnet. 
Sphagnum denticuiatum Brid. 
Drepanocladus exannulatus (Schimp.) Wamit 
SpAognum papillosum Lindb. 
Sphagnum palustre L. 
Poíytrichum commune Hedw. 
Sphagnum neurvum P. Beauv. 
Sphagnum ftmbnatum Wili. 
Amblystegium riparium QIGÁV.) Schimp. 
Fontinalis anJipyretica Hedw. 
Riccia fluitaTislj, 
Colliergonella cuspidata (Hedw.) Loeske 
Rhytidmdelphus squarrosus (Hedw.) Wamit. 
Polyirichum formosum Hedw. 
Sphagnum tenellum (Brid.) Bory 
Cladopodiella fluitans (Nees) Buch 
Cephaiozia bicuspidata (L.) Dum. 
Cymnocolea. in/lata (Hude.) Dum. 
Sphagnum compactum DC. 
Иурпит cupressi/orme llodw. 
Sphagnum squarrosum Cromo 
Aulacomnium palustre iliedw.) Schwägr. 
Atrichum undulatum (Hedw.) P.Beeuv. 
Calliergon cordifolium (Hedw.) Kindb. 
Calliergongiganteum (Schimp.) КілсІЬ. 
Bryum pseudotriquetrum (Hedw.) Gaertn., Meyer et Scherb. 
Eurhynchium praclongum (Hedw.) Schimp. 
Brachytfxtcuim rutabulum (ilfAvf ) Schimp. 
Caiypogeûi fissa (L.) Raddi 
Sphagnum subsecundum Neei 
Sphagnum terts (Schimp.) Àngetr. 
Sphagmtm magellanicum Brid. 
Dicmnum scoparium Hedw. 
Calliergon stramineum (Bnd ) Kindb. 
Calypogeia muelleriana (Schiffn.) K. Mull. 
Campylium stellatum (Hedw.) J. Lange et С. Jene. 
Lophocolea heterophylla (Schrad.) Dum. 
Sphagnum molle Suil. 
Pohlui nutans (Hedw.) Lindb. 
ChUoecyphus pallescens (Ehrh ) Dum. 
Jungermannia ep. 
Pellia epiphylla (L) Corda 
Phüonotis fontana (Hedw.) Brid. 
Bryum ip. 
Jungermannia graeülima mod. crenulata (Lindb.) Marg et During 
Riccardiachamedryfolia (With.) Grolle 
Fossombronia ip. 
Pohlia bulbifera (Wamit.) Warnst. 
Cephaloxtella ep. 
Drepanocladus aduneus (Hedw.) Wamit. 
Sphagnum ι ρ 
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Table 2 presents the classification of sites based on the total moss 
vegetation. Apart from the species already mentioned in Table 1, 
Amblysteglum rlparlum (Hedw. ) Schimp, and Rhycidiadelphus squarrosus 
(Hedw.) Warnst, form distinct clusters. Table 2 gives information on the 
moss species growing on the shorelines of waters with similar or different 
submerged moss vegetation. Waters characterized by Sphagnum cuspidatum have 
S. papillosum Lindb., among others, or hardly any moss species growing on 
the shores (Clusters 2 and 1, respectively). Waters distinguished by the 
occurrence of S. denticulatum and/or Drepanocladus fluitans and by the 
almost complete absence of Sphagnum cuspidatum lack species on the 
shorelines (Cluster 4) or have a shoreline vegetation rich in moss species 
(Cluster 3). The species richness of the latter shoreline vegetation is 
higher than in waters with S. cuspidatum (Cluster 2). S. palustre L. , S. 
recurvum P. Beauv., Polytrichum commune Hedw., S. fimbriatum Wils. and S. 
squarrosum Crome are optimally represented in cluster 3 (Table 2). 
Physico-chemical environment of aquatic mosses 
Table 3. Significant differences in water quality between waters with 
submerged bryophytes (N=40) and waters without submerged bryophytes (N=29) 
(Wilcoxon test). +++/ = ρ < 0.001, ++/-- - 0.001 s ρ < 0.01, +/- - 0.01 
£ ρ £ 0.05, +++/++/+ = Values significantly higher in the waters without 
submerged bryophytes, /--/- • Values significantly lower in the waters 

































Comparison of waters with submerged bryophyte stands with others lacking 
such species reveals significant differences (Table 3). In turbid waters 
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with a high electrolyte content, bryophytes are lacking. Submerged aquatic 
mosses generally occur in clear water with relatively low concentrations of 
electrolytes and nutrients. Waters from which submerged moss species are 
absent tend to be shallower. 
Differences in water quality between classified sites 
Table 4. Range (minimum and maximum values) of some physico-chemical 
parameters important for the submerged moss vegetation clusters, shown in 
Table 1. Alkalinity and acidity are presented in meq.l" . Calcium is 
presented in μτηοΐ.ΐ and electrical conductivity (ECC, corrected for pH 
and temperature) in pS.cm- . 




















































0.00-0.16 303-1585 442-716 
For each cluster. Tables 1 and 2 present the median values of some 
physico-chemical parameters which proved to be important variables 
explaining differences in moss vegetation. Table 4 presents the range of 
these parameters for the submerged moss vegetation clusters. 
Physico-chemically the waters can be divided into two sharply defined 
groups: acid waters with hardly any buffering capacity and neutral waters 
(Tables 1, 2, 4 and 5). Species characteristic of the acid waters are 
Sphagnum cuspidaCum, S. denticulatum and Drepanocladus fluitans. Mosses 
typical of the neutral waters are Fontinalis antlpyretlca. Riccia fluitans, 
Calliergonella cuspidata, Amblystegium riparium and RhyCidiadelphus 
squarrosus. The submerged moss vegetation clusters of the neutral waters 
(Table 1) are not significantly correlated to water quality parameters. 
However, striking differences are present among the clusters of acid 
waters (Table 1). Waters where only Sphagnum denticulatum has been found in 
small quantities (Cluster 6) have higher (0.01<p<0.05) values for pH, 
alkalinity, electrical conductivity and calcium and manganese than the 
other acid waters. These waters can be characterized as weakly acid while 
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Table 5. Significant differences in water quality between acid and neutral 
waters (Wilcoxon test). Classification based on the submerged moss 
vegetation (Table 1). +++/ = ρ < 0.001, ++/— - 0.001 s ρ < 0.01, +/- -
0.01 s ρ s 0.05, +++/++/+ = Values significantly higher in acid waters, 
























the others are extremely acid. In waters with S. cuspidatum as the only 
aquatic moss species (Cluster 3), the concentrations of chloride, sodium 
and magnesium and the electrical conductivity values are lower 
(O.OlspsO.05) than in the systems characterized by Drepanocladus fluitans 
(Cluster 5). Moreover, the electrical conductivity values and sodium 
concentrations in the waters with Sphagnum cuspidatum are lower 
(O.OlipsO.05) than in waters where S. denticulatum has high cover values 
(Cluster A). Compared with waters with Drepanocladus fluitans, waters with 
Sphagnum denticulatum (Clusters 5 and A, respectively) have higher 
conductivity values. 
Generally, waters distinguished by the occurrence of Sphagnum 
denticulatum and/or Prepanocladus fluitans and by the almost complete 
absence of Sphagnum cuspidatum are less acid and have higher ionic 
concentrations and higher nutrient levels. Among the extremely acid waters 
harbouring submerged S. cuspidatum, waters with S. denticulatum and S. 
papillosum have higher ammonium concentrations than those in which S. 
cuspidatum occurs alone or accompanied by Drepanocladus fluitans. 
Relation between submerged mosses and vascular plants 
The co-occurrence of submerged mosses and other aquatic macrophytes is 
shown in Table 1(A and Β) , which presents all aquatic macrophytes 
52 
encountered in the water layer of the sampling sites. The acid waters are 
very poor in aquatic vascular plants. The only species constantly present 
is Juncus bulbosas L. (forma fluitans). Glyceria fluitans (L.)R. Br. has 
occasionally been observed. A few other species have been found only once 
or twice in these waters. In the neutral systems more aquatic vascular 
plants have been observed. In waters characterized by Fontinalis 
antipyretics, Nymphaea alba L. covers a substantial part of the water 
surface. In waters containing Calliergonella cuspidata and/or Calllergon 
cordifolium, Eleocharis acicularis (L.)Roemer & Schultes is present with a 
cover of more than 5 %. Aquatic vascular plants frequently encountered in 
all neutral waters were Potamogetón natans L. and Lemna minor L.; species 
occasionally found in these waters were Callitriche hamulata Kiitz. ex Koch, 
Luronium natans (L.)Raf., Elodea nuttallií (Planchón) St John and Hottonia 
palustris L. (Table IB). 
Canonical ordination 
In the ordination diagrams (Figs. 2 and 3), the environmental variables 
are represented by arrows. Each arrow points roughly in the direction of 
maximum variation of the corresponding quantitative variable. Its length is 
proportional to the rate of change of the standardized variable in this 
direction. In the case of nominal variables (i.e. variables which have no 
numerical value, but only the value "yes" or "no") the arrow points in the 
direction of maximal occurrence. 
In the ordination analysis comprising all moss species (Fig. 2), pH and 
pH-related parameters (Table 6) are displayed with the longest arrows. 
Consequently, these parameters are most strongly correlated with the 
ordination axes and therefore most closely related to the pattern of 
variation in species composition shown in the ordination diagram. 
Hydrological isolation of the water body is the only nominal variable with 
strong influence, because it has pronounced effects on the water chemistry. 
This is evident from the high correlation coefficient between isolation and 
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Fig. 2. CCA ordination diagram with centroids (=weighted averages of sample 
scores) of clusters (encircled) and biplot scores of environmental 
variables (arrows) based on abundance data of all moss species found in the 
waters investigated. The cluster numbers correspond to those of Table 2. 
determined by the parameters pH, alkalinity, acidity, electrical 
conductivity and concentrations of sodium, chloride, calcium, magnesium, 
aluminum, zinc and ammonium. It can be interpreted as the axis of 
acidification. Under the null hypothesis that the species are unrelated to 
the environmental variables, Axis 1 is significant at the 1 Ζ significance 
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level (Monte Carlo permutation test). Fig. 2 clearly shows that Axis 1 
separates the acid waters (clusters 1,2,3 and 4) from the neutral ones 
(clusters 5,6,7,8). The clusters comprising the acid waters are placed more 
or less parallel to Axis 1, making up an acidification gradient. The small 
aberrant cluster 9 (2 waters) is important in explaining axis 2. The 
position of this cluster near the edge of the diagram may be attributed to 
very high iron concentrations in the water layer. The nominal variables 
shelter and permanence of the water layer have some importance, because of 
their contribution to axis 2. 
The first three eigenvalues (= a measure of separation of the species 
distributions along the ordination axes) of CCA (0.77, 0.58 and 0.51, 
respectively) indicate that Axis 1 is by far the most important axis. Axis 
3 may be more interesting than Axis 2. It is almost as important in 
explaining the observed differences in species composition as Axis 2. The 
third axis is chiefly correlated with orthophosphate, total phosphorus, 
turbidity, nitrate, depth, sulphur and silicon. Except for sulphur and 
silicon, no pH-related parameters substantially contribute to this axis. 
AXIS 2 1 
11,12 
— τ
 t ) t | S 1 _^j 
-60 -40 - 2 0 0 20 40 60 Θ0 
Fig. 3. CCA ordination diagram with taxa (*), centroids (-^ weighted averages 
of sample scores) of clusters (encircled) and environmental variables 
(arrows), based on abundance data of submerged aquatic moss species. The 
taxon and cluster numbers correspond to those of Table 1A. 
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Axis 3 performs a further separation between the extremely acid, most 
oligotrophic waters and the less acid waters with relatively higher ionic 
concentrations and nutrient levels. Within the group of neutral waters, 
cluster 7 is separated from the others by its higher phosphate levels and 
turbidity values. The first three canonical ordination axes account for 
30.5 % of the total variation in the quantitative data of moss species. 
Table 6. Significant Spearman rank correlation coefficients between the pH 






























The results of the ordination analysis with the submerged moss species 
are presented in Fig. 3. Only those variables are displayed that make a 
considerable contribution to the fit of the species data, in addition to 
the contributions of the other variables. As Axis 3 and Axis 4 are of minor 
importance in the analysis they are not presented here. Their eigenvalues 
are only 0.36 and 0.27, respectively. Axis 1 and Axis 2 account for 64.1 Ζ 
of the total variation in the quantitative data of submerged aquatic moss 
species. Their eigenvalues are 0.88 and 0.60, respectively. The diagram 
also visualizes the position of the taxa. Axis 1 separates Fontinalis 
antipyretica, Riccia fluitans, Calliergonella cuspidata and Calliergon 
cordif olium from Sphagnum cuspidatum, S. denticulatum, Drepanocladus 
fluitans, D. exannulatus (Schimp.) Warnst, and Cladopodiella fluitans 
(Nees) Buch. As in Fig. 2, pH-related parameters are important in defining 
the first Axis, which is significant at the 1 Ζ significance level under 
the null hypothesis that the species are unrelated to the environmental 
parameters (Monte Carlo permutation test). pH-related parameters (acidity, 
sulphur, potassium and aluminum) and the orthophosphate level contribute to 
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the second Axis, resulting in a clearer differentiation of the clusters of 
acid waters and separation of the waters with Fontinalls antipyretica from 
the other neutral waters. 
Species distribution patterns 
Fig. 4 presents the distribution of the most widespread aquatic mosses 
with submerged occurrences in the investigated waters in relation to the 
most important environmental factors (pH and alkalinity). The maximum 
alkalinity in waters harbouring submerged Sphagnum species is 0.1 and the 
maximum pH is 5.9. In waters with relatively high pH values, however, the 
abundance of the mosses is low. S. denciculatum forms large monospecific 
beds with high cover values only in the pH range 4.4-5.0; the cover 
decreases with lower and higher pH values. Calllergonella cuspidata is 
restricted to hard waters; submerged occurrences of the species were not 
found at alkalinities below 2 meq.l" . 
pH α 
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Drepanocladus fluitane 137) r~l I I ' 
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I I I 
Fontmalis antipoetica (8) ' l i I ' 
I I 1 
Calllergonella cuspidata (4) 'I I I 
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Fig. 4. Distribution patterns of aquatic mosses with respect to pH and 
alkalinity. Only waters where the species had submerged occurrences have 
been taken into account. Each horizontal bar reflects the range, the left 
end corresponding to the minimum value (Min), the right to the maximum 
value (Max). The median value (Med) is represented by J . The first small 
line represents the 25 percentile value (P25), the second small line the 
75 percentile value (P75) (see example). The 25 percentile, median and 
75 percentile give the points above which lie, respectively, 75 %, 50 Ζ 
and 25 Ζ of the values. 
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DISCUSSION 
Canonical Correspondence Analysis indicates that pH and parameters 
strongly correlated with pH are most closely related to the variation in 
species composition shown in the ordination diagram. The classification of 
sampling sites reveals statistical differences in moss vegetation and water 
quality. The sampling sites can be divided into acid and neutral waters, 
which are completely different and have not one submerged bryophyte species 
in common. The species distributions of the submerged growing aquatic 
mosses show a sharp boundary at pH 5.9. Submerged Sphagnum species and 
Drepanocladus fluitans occur only below these values, while Fontlnalls 
antipyretics, С'alliergonella cuspidata and Riccia fluitans grow in waters 
with higher pH values. This boundary approximates the equivalence point of 
alkalinity, below which the (bi)carbonate concentrations in waters are zero 
(Stumm £t Morgan 1981) and measurable free acidity is present. The maximum 
alkalinity of 0.1 measured for Sphagnum species can be attributed to other 
buffering substances than (bi)carbonate. The Sphagnum-boundary can be 
explained by the inability of the species of this genus to grow immersed in 
water containing (bi)carbonate (Roelofs et al. 1984). The combination of 
high calcium concentrations and high pH, to which lethality of Sphagnum 
species has been ascribed (Clymo 1973), cannot account for this boundary. 
Furthermore, Paul (1908) has already presented experimental evidence that 
( bi ) carbonate is the factor controlling the distribution of Sphagnum 
species rather than calcium. When Sphagnum species were grown in a CaSO^ 
solution, even the species which were most sensitive to а СаСОз-containing 
solution were not damaged and continued to grow. 
Besides being free of (bi)carbonate and (slightly) acid, waters in which 
submerged Sphagnum species have been found are characterized by elevated 
carbon dioxide and ammonium concentrations. These features are very 
distinct from those in soft water, which was the original condition of the 
sampling sites. The latter type of water can be characterized as slightly 
acid to circumneutral (pH 5.0 - 7.5), poorly buffered (alkalinity 0.2 -
1.5) and oligotrophic with nitrogen mainly present as nitrate. Therefore, 
peat mosses with submerged occurrences prove to be very good indicators of 
originally low-alkaline waters that have been acidified. The presence of 
large beds of Sphagnum in acidified waters is also known from other areas 
(Grahn 1977; Hendrey & Vertucci 1980; Rebsdorf 1983; Singer et al. 1983; 
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Grahn 1985; Grahn 1986; Roberts et al. 1985; Raven 1988). When reported, it 
usually concerns Sphagnum section Subsecunda: S. auriculatum Schimp., S. 
subsecuncfum var. inundatum (Russ.) C. Jens., S. subsecundum coll., 5. 
pylaesli Brid. Except for the last species, these are now known as S. 
denticulatum Brid. The distinction of a number of species in the section 
Subsecunda, commonly mentioned in the literature, turned out to be 
untenable. Dirkse (1985) uses the name S. denticulatum Brid., which is 
synonymous with S. auriculatum Schimp., S. inundatum (Russ.) C.Jens., 5. 
inundatum Russ., S. crassicladum Warnst., S. obesum (Wils.) Warnst, and S. 
rufescens (Nées et Hornsch.), among others. S. pylaesli, which does not 
occur in The Netherlands, has been recorded from Lake Golden (New York) 
(Hendrey & Vertucci 1980). Records of S. cuspidatum from acidified waters 
outside The Netherlands are scarce. This species was sparsely represented 
in Lake Cardsjön in shallow water near the shoreline (Grahn 1985). 
Submerged Bryophyta indicative of acid water also serve as a further 
differentiation of this type of water. In the most acid waters with low 
ionic concentrations and low nutrient levels, Sphagnum cuspidatum is the 
only aquatic moss. Drepanocladus fluitans and/or Sphagnum denticulatum grow 
in waters with higher ionic concentrations and nutrient levels. The range 
of 5. denticulatum is wider than that of Drepanocladus fluitans and 
includes slightly acid waters, with higher concentrations of calcium and 
higher electrical conductivity values than other acid waters. Here the 
species occurs with low abundance. Submerged monospecific mats of S. 
denticulatum are found in acid waters with relatively high calcium contents 
(up to 380 pmol.l" ), being characteristic of a CaSO^ , type of water: 
bicarbonate is absent and calcium is largely present as CaS04. Co-dominance 
of the above Bryophyta indicates that the water is richer in ammonium than 
when S. denticulatum is absent. So it is evident that differentiation of 
the acid waters according to their chemistry is possible on the basis of 
the submerged aquatic Bryophyta. The vascular plants cannot be used, as 
Juncus bulbosus forma fluitans is the only tracheophyte constantly present 
and the occasionally occurring Glyceria fluitans is indifferent with 
respect to pH and alkalinity (De Lyon & Roelofs 1986). 
Once established, Sphagnum species may contribute to lake acidification 
by their ability to exchange protons for cations. However, in consequence 
of their lower content of uronic acids, immersed species have a lower 
exchange capacity than hummock-forming species (Clymo 1963). Moreover, the 
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effective exchange capacity falls as the pH decreases below about 5, due to 
the special affinity of H+ for the exchange sites (Smith 1982). The pH 
values as low as 3.5 recorded in acidified aquatic systems in The 
Netherlands can probably not be attributed to Sphagnum ion exchange alone. 
Drepanocladus fluitans, which has submerged occurrences in many acidified 
waters in The Netherlands, has been known from this area since 1920 only 
(Touw & Rubers 1989). Earlier, D. exannulatus was common on sandy 
Pleistocene soils, but it has now been largely replaced by D. fluitans. 
Sörensen (1948) found D. exannulatus at pH values up to 6.5. According to 
Rintanen (1977), it is more exacting than D. fluitans. In the present 
investigation it has been found in small quantities in acid waters together 
with the latter. 
Ordination shows that phosphate may be an important factor in the 
neutral waters. Riccia fluitans is characteristic of waters with the 
generally highest phosphate levels, while waters with Fontinalis 
antipirética are relatively poor in phosphate. 
Availability of sufficient carbon dioxide for photosynthesis is an 
important prerequisite for submerged growth of aquatic mosses in both acid 
and bicarbonate containing waters. Submerged mosses are found in direct 
contact with or close to sites with an increased supply of carbon dioxide 
(Wetzel et al. 1985), for example sites where groundwater wells up or at 
the sediment-water interface. Breakdown of organic matter may often be an 
important source of carbon dioxide for aquatic bryophyte growth (Smith 
1982). Under favourable conditions aquatic mosses fill the whole water 
layer. The stimulating effect of elevated carbon dioxide levels on 
submerged Sphagnum growth has been clearly demonstrated by Paffen Ь Roelofs 
(1988). In the investigated acid waters, oversaturation of carbon dioxide 
(measured as acidity) occurs. The values are highest in waters 
characterized by S. cuspldatum (median value 18 mg.l ; see histograms in 
Tables 1 and 2). Field observations indicate that the elevated carbon 
dioxide concentrations in acidified waters may be only temporary and that 
all submerged macrophytes may finally disappear due to shortage of carbon 
caused by decreased decomposition. Besides the capacity for rapid 
utilization of carbon dioxide in the water (Roelofs et al. 1984), the 
macrophytes in acid waters in which ammonium is the main nitrogen source, 
prefer nitrogen in this form, the leaves being the major site of uptake 
(Schuurkes et al. 1986). 
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Species occurring in (bi)carbonate containing waters lack the ability to 
utilize bicarbonate as a source of carbon in photosynthesis, with the 
exception of Fontinalis antipyretica (Peñuelas 1985). Culture experiments 
have shown, however, that carbon dioxide is also necessary for the growth 
of the last-mentioned species, because in the absence of this carbon source 
growth stops and vitality is very low (Maessen & Van Gemert 1987). In 
highly productive lakes, the dependence on carbon dioxide puts aquatic 
mosses at a great competitive disadvantage with respect to the Charophyceae 
and most hard-water angiosperms and algae (Hutchinson 1975; Smith 1982). 
Their occurrence in those waters depends on nutrient limitation (Bain & 
Proctor 1980; Smith 1982) and light limitation of other plants or on the 
presence of microhabitats with an additional supply of carbon dioxide. 
CONCLUSIONS 
- Submerged bryophyte species were not found in relatively turbid pools and 
lakes with high ionic concentrations. 
- In the investigated waters the pattern of variation in aquatic moss 
species composition is strongly linked with pH, alkalinity and related 
parameters. 
- Acid and neutral waters have not a single submerged bryophyte species in 
common. 
- Within the group of acidified waters, submerged aquatic moss species can 
be used as indicators of important chemical characteristics of the water 
layer, such as pH, electrical conductivity and concentrations of calcium, 
magnesium and ammonium. 
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ABSTRACT 
Arts, G.H.P., J.G.M. Roelofs and M.J.H. De Lyon. Differential tolerances 
among soft-water macrophyte species to acidification. 
Twenty-six macrophyte species were studied with respect to their degree 
of tolerance to extremely acid conditions. They are characteristic of soft 
water on sandy soils in the Netherlands. These species can be divided into 
two different groups based on their recent distribution with regard to pH 
and alkalinity. The first group contains the species that can (at least 
temporarily) survive under extremely acid conditions (pH < 5), while the 
other group includes species which are limited by a distinct minimum pH of 
the water (pH 5-6). This sharp distinction between groups on the basis of 
pH can be used for reconstruction of the development of acidification in 
waters using historical data on the macrophytes involved. The two groups of 
species can be used to discriminate between two soft-water types in the 
Netherlands. 
Keywords: acidification, autecology, ecological groups of macrophytes, 
indicator species, soft-water macrophytes. 
INTRODUCTION 
Soft waters in the coastal areas of the West European lowland are 
distinguished by specific geomorphological, hydrochemical and hydrological 
properties. They are small (mostly < 10 ha) and shallow (maximum depth 
usually 1-2 m). They include a variety of habitats, such as moorland pools, 
small lakes, ponds, duneslacks, ditches and canals. The sandy soils of the 
region are poor in basic cations (Ca, Mg, К), causing low alkalinity and 
low ionic concentrations in these waters. Only pools in the more calcareous 
dune sands immediately along the coast may exhibit a higher alkalinity. 
Nutrient availability is low (PO43" < 0.5 μπιοΐ.ΐ"1 and/or inorganic N < 10 
μιηοΐ.ΐ"*·). Many pools, lakes and ponds in the region receive most of their 
Present address: Grontmij nv. De Holle Bilt 22, 3730 AE 
De Bilt, the Netherlands 
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water directly from rainfall, resulting in fluctuating water levels and 
partial or even complete seasonal desiccation. Some are also fed by surface 
water or groundwater, as are ditches and canals. The components of the 
aquatic vegetation are soft-water macrophytes. They have an optimum 
alkalinity predominantly £ 1 meq.l"^ and always < 2 meq.l-1. The isoetid 
Littorella uniflora (L.) Aschers, is frequently the dominant soft-water 
species. In pools and lakes Lobelia dortmanna L. was often co-dominant. 
Examples of soft-water species often occurring in ditches and canals are 
Sclrpus flultans L. , Eleocharis acicularls (L.) Roemer i Schultes and 
Pilularla globuli/era L. Species richness may be relatively high, while the 
number of individual plants is large. 
Soft waters are highly sensitive to any input of nutrients or acidifying 
substances. In the last decades many of them have been acidified as a 
result of atmospheric deposition (Evans 1984). In the Netherlands the 
acidifying components include S0X, N0X and NHX (Schuurkes et al. 1988b). 
The latter only contributes to the acidification process in aquatic systems 
after nitrification. This process is inhibited in those acidified waters in 
which organic material has accumulated (Schuurkes et al. 1988a). This 
results in increased ammonium concentrations. In the Netherlands 
acidification is always accompanied by nitrogen enrichment. 
In Dutch soft waters, changes in aquatic vegetation caused by cultural 
acidification have been considerable (Roelofs 1983; Arts and Leuven 1988; 
Arts 1990). Acidification has resulted in a decline and loss of 
characteristic soft-water macrophyte species, their replacement by 
submerged Sphagnum species, and an expansion of Juncus bulbosus L. forma 
fluit ans. The disappearance of typical soft-water macrophyte species from 
waters undergoing acidification offers the opportunity to study the degree 
of tolerance of these macrophytes to (extremely) acid conditions. Little is 
known about tolerance of acidity within the group of aquatic macrophytes, 
as is confirmed by other authors (Rorslett and Brettum 1989). Macrophyte 
surveys of lakes along a pH-gradient are few and largely confined to North 
America (Roberts et al. 1985; Yan et al. 1985; Catling et al. 1986; Jackson 
and Charles 1988). They often examine a relatively small number of sites. 
Knowledge of the influence of acidification on aquatic macrophyte species 
in the West European lowland may contribute to the understanding and early 
detection of changes occurring in the vegetation of soft waters in other 
geographical regions, such as Scandinavia and North America. 
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The present paper tries to fill the gap in our knowledge of aquatic 
macrophyte tolerance to acidification. It analyses the recent distribution 
patterns of macrophyte species in relation to pH and alkalinity. These two 
characteristics of the water layer have been found most appropriate for the 
intended study. Changes in pH are highly correlated with changes in a 
number of other physico-chemical characteristics of the water layer 
(turbidity, alkalinity, acidity, electrical conductivity and concentrations 
of calcium, magnesium, zinc, sodium, chloride, potassium, sulphur, silicon, 
ammonium, aluminium, lead, cadmium, total phosphorus and dissolved organic 
carbon) (Arts and Leuven 1988; Arts 1990). Consequently, the pH can be 
considered a representative factor for the adequate description of 
acidification. Because of its strong relation with the occurrence of 
macrophyte species, alkalinity was considered as well. The intention of the 
analysis is a classification of soft-water macrophyte species with regard 
to their degree of tolerance to acid conditions. A second set of historical 
macrophyte data from this century is used to find the actual sequence of 
disappearance of groups of species from acidifying soft waters. The present 
paper discusses whether this sequence can be predicted from differences in 
acid tolerance among species. 
MATERIAL AND METHODS 
Autecologlcal data 
In the period 1979-1986 physico-chemical parameters were measured in 800 
water bodies, 318 of which included stands of soft-water macrophyte 
species. In the sample survey all of the different habitats occupied by 
aquatic macrophyte species in the Netherlands were represented. They 
comprise moorland pools, lakes, ponds, ditches, canals, duneslacks, 
streams, rivers, bog pools and peat, sand and gravel pits. The soft-water 
habitats are almost completely included in the six habitats listed first. 
pH was measured in the field immediately after sampling the water layer. A 
Metrohm model E488 pH meter with a model EA 152 combined electrode was 
used. Alkalinity was recorded after titration of 100 ml water with a 0.01 N 
HCl solution down to pH 4.2. At each site the vegetation was thoroughly 
explored using a rake. As it was usually possible to wade through if 
equipped with rubber trousers, SCUBA diving was never necessary. The 
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nomenclature of the macrophyte species follows that of Van der Heijden et 
al. (1983) and Maier (1972). 
For each soft-water macrophyte species, average pH and alkalinity values 
were calculated, weighted for the number of waters sampled in the various 
pH and alkalinity classes. This calculation method was used to make 
averages independent of the composition of the group of surface waters 
involved in this study (De Lyon and Roelofs 1986). Scatterdiagrams of 
alkalinity versus pH were drawn for each species separately. 
Data analysis 
The scatterdiagrams based on the recent data were used to classify a 
total of 26 species with respect to their degree of tolerance to extremely 
acid conditions into two ecological groups (designated group I and group 
II) and to describe these groups in terms of ranges and optimum values of 
pH and alkalinity. Using historical physico-chemical and macrophyte data on 
56 currently acidified waters (21 formerly soft waters and 35 formerly very 
soft waters) documented over the present century (see Arts et al. 1989), 
the occurrence of species in both ecological groups was analysed in 
relation to the abiotic conditions in the waters before they became 
acidified. The historical data were used to test whether differences in 
tolerance can predict the sequence of disappearance of the ecological 
groups from these waters. Therefore, for each of the 56 waters and for each 
of the 26 species the year in which a particular species was no longer 
recorded was deduced from the historical data available. Based on this 
inventory, the number (%) of either formerly soft or formerly very soft 
waters from which all species included in either ecological group had 
disappeared, was calculated. Historical information was not available for 
every year. Years of publication were chosen as reference points. Until 
historical information gave evidence of the disappearance of species from a 
particular site, it was supposed that species were still present. The 
results are graphically presented in Fig. 3. The actual data points 
represent the combined information on species presence/absence from all of 
the waters on that particular year. The curves were drawn using the SAS 
cubic spline method with smooth factors of 55-65 2 (SAS 1985). 
70 
TABLE 1. Classification of soft-water macrophytes into two ecological 
groups on the basis of their ability to survive (at least temporarily) in 
extremely acid conditions (pH < 5.0). In accordance with Bloemendaal and 
Roelof s (1988), the species are divided into classes, indicating the 
nutrient level of water and sediment in stands where they occur. 
Group I. Species growing in soft or moderately hard, circumneutral 
(alkaline) waters. The optimum alkalinity is predominantly below 1 raeq.l" 
and always below 2 meq.l-1. For species indicated by *, the first value is 
also the upper limit. Species indicated by + rarely occur above 2 meq.l" . 
Usually the species classified in this group rarely occur in waters with a 
pH below the 5.7-5.9 range. Species indicated by - were found down to pH 
5.0. Species indicated by ' have a minimum limit of ± 6.5. 
Group II. Species having their optimum in soft, slightly acid or neutral 
waters. The optimum alkalinity is equal to or below 1 meq.l"1. For species 
indicated by * this value is the upper limit. During acidification they can 
(at least temporarily) withstand pH values in the 3.6-5.0 range. 
GROUP I 
+ .Elatine hexandra (Lapierre) DC. 
+-Lythrum portula (L.)D.A. Webb1 
+ Nitella flexllls (L.)J. Agardh2 
+ Pilularla globulifera L.^ 
+ Echinodorus repens (Lamk.) Kern & Reichgelt2 
* Echinodorus ranunculoides (L.) Engelm. ex Aschers.'' 
" Potamogetón gramíneas L. 
* Isoetes echinospora Durieu 
Chara globularia Thuill.2 
Eleocharls acicularls (L.) Roemer & Schultest 
Apium inundatum (L.) Rchb. 
+ Myrlophyllum alternlflorum DC. 
+ Callitriche hamulata Kütz. ex Koch3 
- Ranunculus flammula L. 
Potamogetón polygonifolius Pourret 
Ranunculus peltatus Schrank 
Potamogetón obtusifolius Mert. & Koch 
GROUP II 
* Lobelia dortmanna L. 
* Isoetes lacustris L. 
Lictorella uniflora 
(L.JAschers.1 
Luronium natans (L.)Rafin. 
Scirpus flultans L. 
Utricularia australls R.Br.2 
Sparganium minimum Wallr. 
Hypericum elodes L. 
* Ranunculus ololeucos Lloyd 
Species characteristic of oligotrophic 
water and sediment poor in phosphorus 
(t-Pmax in sediment < 10 pmol.g DW"1). 
Species from oligotrophic water and 
sediment poor or moderately rich in 
phosphorus (і-Рдах in sediment < 20 
vmol.g DW - 1). 
Species occurring in oligotrophic 
water and sediment moderately rich 
or rich in phosphorus (t-P
m a x
 in 
sediment г 20 praol.g DW" 1). 
Species growing in water with a 
moderate nutrient level. 
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The set of waters used for the historical analyses and the group of 
waters in which recent field data were collected are two different data 
sets, which have only few sites in common. 
RESULTS 
Ecological groups of soft-water macrophytes 
All macrophyte species characteristic of soft water on sandy substrates 
in the Netherlands are listed in Table 1. Their total environmental or 
habitat space, as defined by the pH and the alkalinity of the water layer, 
is presented in Fig. 1A. The sediment in the waters can vary in nutrient 
content, as can be seen from the phosphorus content in Table 1. The 
macrophyte species occurring can be divided into two ecological groups. One 
group (I) shows a rather sharp pH boundary, below which these species 
hardly occur (Fig. 1A). For most species this boundary is at pH 5.7-5.9. 
Some species have been found down to pH 5.0. The other group (II) of 
macrophytes has the ability to survive (at least temporarily) under 
extremely acid conditions (pH < 5.0 and down to pH 3.6; Fig. IB). Of the 
group II species LlttoreJIa uniflora was found over the whole pH range from 
extremely acid to alkaline waters (Fig. 2). 
The composition of these ecological groups is shown in Table 1. 
Differences in the lower pH limit were linked to differences in the optimum 
pH and alkalinity, presented as weighted average values for each of the 26 
species in Table 2. For group I, optimum pH values exceeded 6 and coincided 
with the clrcuraneutral range ( pH 6-7.5). Optimum alkalinity was 
predominantly below 1 meq.l"* and could increase up to 2 meq.l". For the 
group of macrophytes tolerant of acid conditions (group II) optimum pH 
values only partly corresponded with the circumneutral range, the other 
values coinciding with the weakly acid (pH 5-6) or even extremely acid (pH 
< 5) range. In this group optimum alkalinity did not exceed 1 meq.l-!. j n 
both groups of macrophytes specific differences in the upper alkalinity 
limit were also recorded. Table 1 and Fig. 1A show that in group I the 
extreme upper alkalinity limit was approximately 2 meq.l"1 for 7 species, 
indicated by + in Table 1. The other macrophytes often occurred in waters 
with a higher alkalinity. In group II the observed upper limits were lowest 
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Fig. 1. (pages 73-77) Scatterdiagrams of alkalinity versus pH for sites 
characterized by the occurrence of different soft-water macrophytes and for 
all sites examined. A; Group I species. B: Group II species. Fig. A also 
presents the total range of pH and alkalinity values for all sites. 
Diagrams are based on recent data collected in the period 1979-1986, except 
for those presenting the pH-alkalinity characteristics of Lobelia dortmanna 
L. and the two Isoetes species; these are mainly based on comparable older 
measurements (Schoof-van Pelt 1973; Van Heusden and Meijer 1949), because 
these species are now very rare in the Netherlands. 
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Hypericum elodes L. (0.1, 1, 1 and 1.5 meq.l" , respectively). Isoetes 
echinospora Durieu occupied an intermediate position, as it showed an upper 
limit of 1 meq."^·, but was not found in extremely acid waters. 
Different soft-water types 
In the first half of this century many soft-water lakes and pools were 
inhabited only by species belonging to group II (Table 1; curve 1 in Fig. 
3). These waters were characterized by species-poor communities of mainly 
isoetid-type water plants, and had a very low alkalinity. They are called 
"very soft". In the rest of the waters both the species classified in group 
II and those of group I were present (Table 1; curves 2a and 2b in Fig. 3). 
They were richer in species and had a higher buffering capacity than the 
species-poor waters described above. They are indicated as "soft" waters. 
Disappearance of the ecological groups from acidifying waters 
The disappearance of species from acidifying, originally soft and very 
soft waters is presented in Fig. 3. It shows that group I species have 
disappeared from acidifying "soft" waters earlier than species classified 
in group II (curves 2a and 2b, respectively). In the "very soft" waters, 
group I species have always been absent. These waters show the earliest and 
most rapid disappearance of group II species (curve 1). 
DISCUSSION 
This study analysed the impact of acidification on soft-water macrophyte 
species and examined their use as indicator species with respect to pH. 
Group I species did not occur in extremely acid conditions. The reason for 
the absence of group I species below the observed sharp pH boundary is 
unknown. The distribution of some aquatic mosses shows similar limits (Arts 
1990). The coincidence of the lower pH limit of these species with the 
equivalence point of alkalinity (Stumm and Morgan 1981) suggests a direct 
or indirect dependence on the presence of ( bi)carbonate. A direct 
dependence is not likely for all group I species, as they exhibit a wide 
variation in the use of bicarbonate as a source of carbon in 
photosynthesis. They include species restricted to CO2 as their inorganic 
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TABLE 2. Average pH and alkalinity values, weighted for the number of 
waters sampled in the various pH and alkalinity classes. For species marked 
with an asterisk means are calculated largely from historical data. N = 
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YEAR 
Fig. 3. Disappearance of two ecological groups of soft-water species from 
soft-water sites during acidification in the period 1937-1986. Curve 1 
shows the time course of disappearance of group II species (see Table 1) 
from 35 formerly very soft waters (< 1 meq.l"1 alkalinity) expressed as a 
percentage of these waters. Curves 2a and 2b show the time course of 
disappearance of group I and group II species respectively, which 
co-existed in 21 formerly soft waters (< 2 meq.l"1 alkalinity), expressed 
as a percentage of disappearance. Note that in the very soft waters there 
is an early disappearance of group II species. Where they co-existed the 
group I species generally disappeared before the group II species, a 
consequence of the reduction of alkalinity during acidification. 
Curve 1; macrophytes characteristic of very soft water (group II species). 
Curve 2b: the same species group as curve 1 (group II species) occurring in 
soft water. 
Curve 2a: macrophyte species characteristic of soft water (group I 
species) . 
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carbon source, such as Potaraogecon polygonifollus Pourret, Nlcella flexllls 
(L.)J. Agardh (Maberly and Spence 1983) and Pilularia globulifera L. 
(Spence and Maberly 1985) as well as poor bicarbonate users such as 
Myriophyllum alternif lorum DC. (Maberly and Spence 1983) and moderate 
bicarbonate-using macrophytes such as Potamogetón gramineus L. (Smits et 
al. 1988). Acidification of fresh waters involves many changes in the 
physico-chemistry of aquatic systems (Arts and Leuven 1988), which can also 
affect the observed species distribution patterns. Examples include 
increased aluminium concentrations and the replacement of nitrate by 
ammonium as the dominant nitrogen source. Under acidic conditions heavy 
metals may be phytotoxic. Yan et al. (1985) found richness of aquatic 
macrophytes (tracheophytes) was low in acidic lakes contaminated by copper 
and nickel. High ammonium levels may disturb the nutrient balance in 
aquatic macrophytes (Roelofs et al. 1984). However, causalities explaining 
the observed species distribution patterns can only be elucidated by 
culture experiments, testing the various hypotheses for each species 
separately. 
In the present situation the use of isoetids and other group II species 
as indicator species meets with difficulties. Although they clearly have 
their optimum in very soft and soft waters, nowadays they are not always 
indicative of this type of water, because they can persist in acidifying 
and acidified waters temporarily. Isoetes lacustris (Fig. IB) has been 
found in extremely acid waters only. The isoetids Littorella uniflora, 
Lobelia dortmanna and Isoetes lacustris have also been recorded from acid 
lakes in areas outside the Netherlands (Lubben 1973; Pietsch 1977; Nilssen 
1980; Hitchin et al. 1984; Roberts et al. 1985; Catling et al. 1986; France 
and Stokes 1988; Jackson and Charles 1988; Rorslett and Brettum 1989). As 
isoetids are able to take up CO2 directly from the sediment (Wium-Andersen 
1971; Sondergaard and Sand-Jensen 1979; Roelofs et al. 1984; Boston et al. 
1987; Rorslett and Brettum 1989) they may be physiologically almost 
independent of H+ and DIG concentrations in the water column. In acidifying 
and acidified waters in coastal areas of the West European lowland, 
however, the success of isoetids is limited. This phenomenon is possibly 
due to competition with faster growing and more competitive species which 
occur optimally under extremely acid conditions, such as Juncus bulbosus L. 
forma fluitane (=the aquatic growth-form), Sphagnum cuspidatum Ehr. ex 
Hoffm. and Sphagnum denticulatum Brid. (Roelofs et al. 1984; Wetzel et al. 
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1984; Grahn 1986; Schuurkes et al. 1986; Schuurkes et al. 1987; Arts 1990). 
It is not only pleustophytic Sphagnum, but also the benthic mat of Sphagnum 
and algae which is competitively important (Grahn 1986). The accumulation 
of organic material in acidified waters is another adverse factor. 
Llttorella uniflora can successfully compete with the above species only 
under conditions in which the water body runs completely dry every summer 
(personal observations). 
Isoetes echinospora seems to behave differently from other isoetids, 
because it rarely occurs in extremely acid conditions (pH < 5.0) (Fig. IB). 
The lowest pH values recorded for this species (4.7 and 5.0) were measured 
by Schoof-van Pelt (1973) at two sites in one moorland pool in the 
Netherlands. These data could not be used in the pH-alkallnity diagrams, 
because corresponding alkalinity values were not determined. The pH range 
for Isoetes echinospora in the Netherlands, as determined from the scanty 
data available, is supported by information from other countries (Pietsch 
1977). 
This paper shows that recent distribution data of soft-water macrophytes 
allow a sharp distinction between species groups differing in their 
tolerance to extremely acid conditions. These differences in tolerance 
suggest that during the acidification process intolerant species (group I 
species) disappear before tolerant species (group II species). This 
hypothesis is confirmed by historical data from a second data set of 
currently acidified, formerly soft and very soft waters. It can be 
concluded that the pH-alkalinity diagrams do indeed predict the sequence of 
disappearance of groups of species during the acidification process in soft 
waters. They thus prove to be a useful tool for the reconstruction of the 
historical development of the acidification process in these waters. 
CONCLUSIONS 
- Macrophytes occurring in soft water on sandy soils in the Netherlands 
can be divided into two clearly defined ecological groups on the basis 
of their ability to survive in extremely acid conditions. 
- The lower pH-limit of species not tolerating extremely acid conditions 
(pH < 5) is rather sharp. 
- pH-alkalinity diagrams have a predictive value with respect to the 
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sequence of disappearance of groups of species during the acidification 
process in soft waters. 
- The ecological groups of macrophytes can be used to discriminate 
between two soft-water types in the Netherlands. 
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SUMMARY 1. Historical and recent data on the occurrence of 
macrophytes in twenty-eight lentie soft waters in The Netherlands are 
summanzed. These waters were, and a few still are, characterized by a 
submerged vegetation of isoetid plants. Changes in the species composi­
tion of macrophytes are visualized by means of multivariate analysis and 
by shifts in species-spectra. 
2. Ordination of the available data shows that the pH, alkalinity, 
acidity, contents of heavy metals, dissolved organic matter and some 
important salts and nutrients in water and interstitial water are strongly 
related to the recent distribution of aquatic plants in waters, which were 
originally of low alkalinity. In addition, the available inorganic carbon 
and the redox potential in the sediment are also important environmen­
tal parameters in explaining differences in aquatic vegetation. 
3. The recorded changes in the macrophyte species composition can 
be attributed to the effects of acidification and eutrophication. The most 
important, overall change is a reduction of the number of species. 
4. Hydrology proves to be important in controlling the sensitivity of a 
body of water for acidifying deposition. 
Introduction 
Shallow soft waters in atlantic and subatlantic 
areas of Western Europe are characterized by 
distinctive geohydrological and physico-
chemical properties In The Netherlands they 
are situated on sandy soils and are mainly 
dependent on rain water Apart from low 
buffering capacities, they often have low ionic 
'Present address Society for Environmental Con­
servation, Donkerstraat 17, 3511 KB Utrecht, The 
Netherlands 
Correspondence- G Η Ρ Arts, Laboratory of 
Aquatic Ecology, Catholic University, Toer­
nooiveld, 6525 ED Nijmegen, The Netherlands 
concentrations and are unproductive. These 
characteristics make them very sensitive to 
water and air pollution. Many plants and 
animals cannot survive under these circum­
stances (Johnson, 1982) Soft waters normally 
harbour a characteristic and specialized flora 
and fauna. In shallow water-bodies submerged 
macrophytes are not restneted to the littoral 
zone only, but cover a substantial fraction of 
the bed Therefore macrophytes are an impor­
tant component in the whole ecosystem. 
In western Europe the vegetation of pristine 
waters of low alkalinity and circumneutral 
pH-values is often dominated by plant species 
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with an isoetid growth form, such as Littorella 
uniflora (L ) Aschers , Lobelia dortmanna L , 
Isoetes lacustris L and Itoetes echmospora 
Duneu (Schoof-van Pelt, 1973, Pietsch, 1977, 
Roelofs, 1983b) Since the beginning of this 
century a dramatic decline has occurred in the 
number of isoetid stands in The Netherlands 
(Schoof-van Pelt, 1973, Westhoff, 1978, 
Roelofs, 1983b, Arts, 1987) Arts (1987) esti­
mated that 38-51% of former sites for these 
isoetids have disappeared as a consequence of 
extended land reclamation The remaining 
sites are now mainly situated in nature re­
serves In spite of intensive nature manage­
ment aimed at preservation of oligotrophic 
environments, the deterioration of their natu­
ral communities proceeded (den Hartog, 
1986) The same phenomenon has been 
observed in oligotrophic waters in nature con­
servation areas in The Federal Republic of 
Germany (Wittig, 1982) Until recently the 
changes in macrophyte communities of Dutch 
soft waters were ascribed to eutrophication 
and increased recreational pressure (Schoof-
van Pelt, 1973, Westhoff, 1978) Roelofs 
(1983b) concluded that atmospheric deposition 
of acidifying components and nutnents played 
an important role in recent alterations of these 
macrophyte communities The causal connec­
tion between acidification of originally soft 
waters and atmospheric deposition, particular­
ly of ammonium sulphate, in The Netherlands 
has been experimentally demonstrated by 
Schuurkes (1986) Other evidence for recent 
acidification of soft waters in The Netherlands 
has been summarized by Leuven et al (1986b) 
Experimental support for the deleterious 
effects of acidification and eutrophication was 
derived from several studies (Roelofs, 
Schuurkes & Smits, 1984, Schuurkes, 1986, 
Schuurkes, Kok & den Hartog, 1986, 
Schuurkes et al, 1987) 
Hitherto, an extensive companson of histor­
ical vegetation data from soft waters with 
recent information has been lacking In the 
present paper, data on aquatic macrophytes 
which have been recorded during two periods 
(1900-79 and 1980-85) in a selected group of 
lentie soft waters in The Netherlands, are 
summanzed In order to explain changes in 
macrophyte species composition in terms of 
underlying environmental factors, multivariate 
analysis was used 
Material and Methods 
Study sites 
For this study, twenty-eight waters of low 
alkalinity were selected (Fig 1) All stations 
are situated in areas of which the sediments 
are sandy and relatively poor in lime and 
nutrients The waters selected are relatively 
small (0 1-62 5 ha), shallow (max depths 
0 4-8 8 m) and fully mixed (Table 1) They 
are mainly of aeolic origin (ι e formed by 
wind erosion), although man has also played 
an important role in their formation by cutting 
peat, digging or excavation (Table 1), some 
are totally man-made Most waters were origi­
nally isolated and often surrounded by heath-
land With the reclamation of the surrounding 
area many waters were incorporated within a 
network of ditches and streams However, 
most tributary streams were cut off again later 
on (Table 1) Nowadays, most of these water-
bodies are isolated (54%) and almost com­
pletely fed by rain water Some also receive 
groundwater (36%) or water from ditches or 
streams (11%) 
These water-bodies were once charactenzed 
by a submerged vegetation of isoetids In all 
waters at least one of the species Littorella 
FIG 1 The geographical distribution of the sam­
pling sites Each rectangle is 25x20 km2 in reality · , 
Location with one water-body sampled, ', location 
with more than Gve water-bodies sampled •, loca­
tion with two to five water-bodies sampled 
TABLE I Name, location, morphometnc characteristics, hydrology and ongin of sampling sites Besides, some important physico-chemical properties of 
the water of the sampling sites are presented (pH, alkalinity (ALK) in meq Γ' and electrical conductivity (ECc, corrected for pH and temperature) in//s 
cm"
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M=Man-made, D=Dike burst; 0=Others; A=Aeolic, G=Glacial 
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uniflora (L ) Aschers , Lobelia dortmanna L 
Isoetes lacustns L and ¡soetes echinospora 
Duneu has been recorded during this century 
(1900-85) They may be considered to be 
representative for the atlantic and subatlantic 
fresh waters on sandy soils in Western Europe, 
which have been inhabited by isoetids Nowa-
days their variation in pH, alkalinity and 
nutrient level reflects local differences in buf-
fering capacity of water and sediment, hydrol-
ogy and acidifying deposition 
Physico-chemical parameters 
All stations were sampled twice, in spring 
and summer The pH of the water was im-
mediately measured with a Metrohm model E 
488 pH/mV-meter and a model EA 152 com-
bined electrode Alkalinity (ALK) was esti-
mated by titration of 100 ml water with 0 01 Ν 
HCl down to pH 4 2 and the acidity by 
titration with 0 01 Ν NaOH up to pH 8 2 
Electrical conductivity and temperature were 
measured with a portable conductivity meter 
(YSI-SCT meter, model 33) The measured 
conductivity data were corrected for pH and 
converted to corresponding values at a tem­
perature of 180C (ECc) according to 
Vangenechten et al (1981) Turbidity was 
determined by means of a Dentan model FN5 
turbidity meter The chlorophyll-α content was 
estimated based on an ethanol extraction 
method (Roijackers, 1981) The ash-free dry 
weight of the seston (AFDW) was measured as 
desenbed in Brock et al (1983) 
The sediment was sampled with a core 
sampler (height 10 cm, diameter 8 cm) A 
subsample from a mixture of ten samples was 
taken to the laboratory Different types of 
sediment (mineral or organic) were handled 
separately Redox potential, water content and 
weight loss on ignition (% WL) of the sedi­
ment samples were measured and sediment 
samples were extracted with demineralized and 
twice distilled water as described in Roelofs 
(1983b) Alkalinity, acidity and pH of the 
sediment extracts were estimated as described 
above for the water 
Chemical analyses 
Total Inorganic Carbon (TIC), carbon diox­
ide and Dissolved Organic Carbon (DOC) 
were determined in unpreserved samples 
according to Roelofs (1983a) In water samples 
and sediment extracts calcium, magnesium, 
manganese, iron, aluminium, cadmium, 
sodium, potassium, chloride, sulphate, 
orthophosphate (o-PO] -), nitrate, ammo­
nium, silicon, total phosphorus (t-P) and total 
nitrogen (t-N) were measured as desenbed in 
Leuven et al (1986a) From the measured 
concentrations in the sediment extracts the 
concentrations in the interstitial water were 
calculated using the water content All data 
were converted into one average for each 
parameter in water and sediment, respectively 
The results of the physico-chemical analyses of 
water and sediment are presented in Leuven et 
al (1987) and Eeken (1985), respectively 
Some important physico-chemical properties of 
the water of the sampling sites (pH, alkalinity 
and electrical conductivity) are also presented 
in Table 1 
Floristic composition 
In at least two growing seasons in the period 
1980-85 the vegetation of each location was 
thoroughly investigated The submerged 
vegetation was intensively explored using a 
boat and a rake, while the shores and shallow 
parts were examined by walking around the 
body of water concerned 
Historical data of macrophytes were col­
lected in the archive of the Research Institute 
for Nature Management (R I Ν , Leersum), 
the archives of the State Forest Service 
( S B B , Utrecht), the archive of the Dutch 
Society for Conservation of Nature (Natuur­
monumenten, 's-Graveland), the Rijksherbar­
ium (L , Leiden), literature and personal 
archives of botanists The immense number of 
references is not presented in this article 
The available (presence-absence) data of 
aquatic macrophytes (ι e submerged growing 
plants and plants with floating leaves) of each 
water were summarized for the penods 1900-
79 and 1980-85 Although the moss Drepano-
cladus fluitans (Hedw ) Warnst is a character­
istic species it has been omitted in this paper 
because of the recent taxonomie revision of the 
genus Historical data of taxa, which have not 
been determined to the species level, have also 
been omitted The genera Nitella Agardh and 
Chara L have not been identified to the 
Flonstic changes in soft waters 93 
species level owing to difficulties with identi­
fication and uncertainties with respect to their 
taxonomie status For two studied waters 
vegetation data from the period before 1980 
are not available 
Data processing 
Initial clustering of the data of aquatic 
macrophytes, recorded for each separate 
water-body, was performed with the program 
TWINSPAN (Two Way INdicator SPecies 
ANalysis) (Hill, 1979) This table was revised 
using the program FLEXCLUS (Van 
Tongeren, 1986), resulting in a classincation of 
the sites To demonstrate changes in aquatic 
vegetation and relate them to underlying en­
vironmental parameters species-centred Prin­
cipal Components Analysis (PCA) was per­
formed (Ter Braak, 1983) Site scores on the 
most important principal components (PCI, 
PC2 and PC3) based on the species composi­
tion in the penod 1980-85 were correlated with 
physical and chemical parameters of water and 
sediment (recent data) using the Spearman 
rank correlation test For this test only recent 
physico-chemical data could be used, because 
the histoncdl data concerning macrophytes are 
summarized for a very long time span (^DO­
SO) Therefore, it is doubtful which physico-
chemical data should be taken into account 
Moreover, dunng so many years very different 
chemical methods have been employed The 
Spearman rank correlation test was performed 
using Statistical Analysis System (SAS, 1982a, 
b) 
In order to demonstrate relations between 
pH and other physico-chemical parameters the 
Spearman rank correlation test was used 
Besides a classification of sites, a classifica­
tion of macrophytes was performed De Lyon 
& Roelofs (1986) presented distribution data 
of macrophytes in relation with water quality 
Based on their data concerning the pH and 
alkalinity the aquatic macrophytes were di­
vided into six groups (Table 2) For each water 
the total number of taxa of each group of 
macrophytes, encountered dunng the two time 
spans, were calculated 
TABLE 3 Physico-chemical parameters in water 
and sediment, which are significantly correlated with 
pH of water and interstitial water respectively 
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TABLE 2 Classification of aquatic macrophytes into six groups with respect to pH and alkalinity of the water 
based on distribution data from De Lyon & Roelofs (1986) 
I Species from acid waters without or with very low alkalinity Optimum pH is below 5 0 
II Species occurring in soft, slightly acid waters The optimum alkalinity is below 1 meq Γ' and the 
optimum pH between 5 0 and 6 0 Dunng acidification these aquatic plants can temporarily stand 
pH values around 4 0 
III Species growing in soft or moderately hard, circumneutral waters Usually they do not occur in 
waters with a pH below 5 0 The optimum alkalinity is below 2 meq I ' 
IV Species characteristic of hard, circumneutral or alkaline waters Optimum alkalinity is between 2 and 
4 meq I"1 Usually these species are found in waters with a pH above 6 0 
V Species frequently occurring in very hard, circumneutral or alkaline waters Optimum alkalinity is 
above 4 meq 1 ' Usually they do not occur in waters with a pH below 6 5 
VI Species, which are insufficiently known with respect to their response to pH and alkalinity or which 
are indifferent with respect to these parameters (remaining group) 
TABLE 4. Macrophytes observed in twenty-eight sampling localities during two time spans. The presence of a species in a water-body is 
represented by an asterisk. Each site number is presented twice, reflecting the species composition in the water-body concerned in the 'old' ('o') 
situation (the period before 1980) and in the recent ('new'='n') situation (the period 1980-85). Species are allocated to one of six groups 
(G I-VI) (Table 2). The waters are classified into five types (Α-E) The taxon numbers (No.) correspond with those of Fig. 2. The site numbers 


























































































Juncus ЬиІЬозиэ L. 
Sphagnum L. spp. 
Littorella uniflora (L.)Aachers. 
Nymphaea alba L. 
Lobelia dortmanna L. 
Glyccna fluitans (L.)R-Br. 
Lythrum portilla (L.)D.A. Hebb 
Lenin« minor L. 
Хлоеteл lacuatria L. 
Lu r o m um natane (L.)Rafin. 
Echinodorus repena (Lamk.) Kern £ Reichgelt 
Eleocharia acicularia (L.) Roeroer £ Schultea 
Яурепсшп elodea L. 
Aanunculua fJammula L. 
Scirpua jfluatana L. 
Potamogetón polygon!fol ius Pourret 
Cchinodorua ranunculoidea (L.) Engelm. ex Aachera. 
Api um inundatum (L.) Rchb. 
ffyriophyllum al term/lorum DC 
Potamogetón natana L. 
Spa r g a m um minimum Hallr. 
Potamogetón gramineua L. 
Pilularia globuli fera Τ . 
fiatine hелаηdra (Lapierre) DC 
Nitella Agardh app. 
Chara L. app. 
Lemna trisulca L. 
flanunculus peJtatua Schrank 
Callitriche namulata Kutz. ex Koch 
Fontinalis antipyretica Hedw. 
Utncularia australis R.Br. 
Potamogetón criapua L. 
Nuphar lutea (L.)Sm. 
Hydrochans morsus-ranae L. 
Riccia fiuitans L. 
Potamogetón puaillua L. 
5tratiotea aloidea L. 
Utriculana intermedia Hayne 
C/triculana vuJgans L. 
Utricularia minor L. 
l/tnculana oc/iroleuca Hartm. 
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The pH of both the water and sediments is 
correlated with a number of other determi­
nants (Table 3) 
Table 4 shows the macrophyte species 
observed in the sampling sites before 1980 and 
in the penod 1980-85 Classification of the 
vegetation produced five clusters, each charac-
tenstic of different waters (Α-E) Cluster A 
consists purely of samples collected recently 
These waters are characterized by Juncus bul-
bosus L , Sphagnum L spp and nymphaeids 
and are poor in species This is a type of 
vegetation not found in these waters in the 
past Waters belonging to cluster В are char­
acterized by isoetid water plants Cluster С 
includes soft waters which harbour a number of 
other soft water-species apart from isoetids 
Cluster D is characterized by the absence of a 
group of species such as Echinodorus repens 
(Lamk ) Kern & Reichgelt, Eleocharis acicu-
lans (L ) Roemer & Schultes, Isoetes lacustris 
and Lobelia dortmanna which are mostly 
present in waters classified in clusters С and E 
Fonunalis antipyretica Hedw is almost con­
fined to cluster D Besides a number of inland 
waters this cluster includes all dune pools, 
except for the Van Hunenplak (number 15) in 
the recent situation The species mentioned, 
which were absent from this cluster, do not 
occur in waters in the dune area Cluster E is 
distinguished from all other clusters by Hyd-
rochans morsus-ranae L and to a lesser degree 
Riccia ßuitans L , Potamogetón pusillus L and 
Stratiotes aloides L Moreover, this cluster 
includes many species frequently growing in 
hard and v r y hard circumneutral or alkaline 
waters, which receive ground- and/or inlet-
water (Table 1) Actually, this type of water is 
no longer ohgotrophic, but eutrophic In these 
enriched waters isoetid plants, and other 
macrophytes characteristic of soft waters, can 
temporarily survive 
The ordination of presence-absence data of 
aquatic plants by means of PCA is presented in 
Fig 2 The PCA visualizes graphically the 
position of the sampling-sites in a vector space 
of taxa In a species-centred PCA plot the sites 
with few species will be near the projection 
point of the origin The distance from the 
origin increases with increasing species rich-
ness So the position of the sampling-sites 
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reflect diversity and (dis)similanty (Gauch, 
1982, Ter Braak, 1983) The first three princip­
al components account for 43% of the total 
variation in the qualitative data of water 
plants PCI explains 22% of the total varia­
tion, while PC2 and PC3 only account for 11% 
and 10%, respectively 
The distance between the position of a 
sampling site based on historical and on recent 
data of aquatic macrophytes is a measure for 
the changes which have occurred in the com­
position of the aquatic plant vegetation in this 
century The greater the distance between the 
scores (=the distance between line joining 
points), the greater the flonstic changes Based 
on recent data most sampling sites are situated 
near the projection point of the real ongm 
Consequently, the most important change is 
one of reduction in the number of species 
(Figs 2a and 2b) 
Figs 2c and 2d show the positions of the 
revised TWINSPAN clusters on the ordination 
diagram In the three-dimensional space of 
PCI, PC2 and PC3 these groups of waters are 
also separated from each other So the revised 
TWINSPAN clusters are sufficiently dissimilar 
to each other with respect to aquatic species 
composition and physico-chemical parameters 
to consider them as five types of waters 
Cluster A, which consists of waters harbouring 
few plant species, is situated near the projec­
tion point of the origin, while the position of 
clusters with many species is further away The 
eutrophic waters (cluster E) are situated along 
PCI at the opposite end of cluster A In Table 
5 the changes in the species composition of 
aquatic macrophytes in the sampling localities 
are summarized The largest alterations in 
species composition have occurred in the wa­
ters which were formerly classified in cluster E 
and nowadays belong to cluster A Most 
waters in which changes in species composition 
have been observed, changed from cluster В in 
former times to cluster A in the recent situa­
tion (Table 5 and Fig 2) 
TABLE 5 Shifts in the species composition of 
aquatic macrophytes expressed as percentage of the 
waters that changed from cluster χ in the period 






































Principal component 1, PC2 and PCI com­
pletely separate Nymphaea alba L (No 'iS) 
and Sphagnum spp (No 2) from all other 
species (Figs 2e and 2f) In the ordination 
diagram species of group III and, to a lesser 
degree, group II and Nymphaea alba and 
Sphagnum spp , are largely responsible for the 
observed position of the sites in the diagram 
Species belonging to the other groups are 
situated in between, closer to the origin of the 
coordinate system (=centroid of species) 
The Spearman rank correlation coefficients 
between the loading of the sampling sites on 
the first three principal components (recent 
data) and some physical and chemical charac-
tenstics of the water, the interstitial water and 
the sediment of the sampling sites are given in 
Tables 6 and 7 respectively 
The scores of the sites on PCI and PC2 show 
significant high positive correlations with pH 
and alkalinity in water and interstitial water, 
and with a number of important nutrients, salts 
and dissolved organic particles in the water 
layer Significant negative correlations exist 
between loadings on PCI and the concentra­
tions of ammonium and aluminium, and be­
tween loadings on PC2 and acidity and the 
contents of aluminium and cadmium in the 
water layer Considering the parameters deter­
mined in the sediment, PCI and PC2 reflect a 
significant positive correlation with total in­
organic carbon in the sediment and interstitial 
FIG 2 Ordination of sampling locations, based on presence-absence data of macrophytes Although the 
species-centred PCA-biplot technique was used the scores of sites and species are presented in separate 
diagrams (a, b) Scores of sites on PCI, PC2 and PC3 (site samples from different periods are joined) (c d) 
Scores of sites on PCI, PC2 and PC3 with indication of five clusters of waters (e, f) Scores of taxa on PCI, 
PC2 and PC3 The site and taxon numbers correspond with those of Table 1 and Table 4 respectively For two 
of the waters studied vegetation data from the period before 1980 are not available In the diagrams these site 
numbers are encircled Each taxon is indicated with a symbol referring to the group of macrophytes (I-VI) 
(Table 2), in which it is classified *, Real origin 
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TABLE 6 Spearman rank correlation coefficients 
between the loadings of the sampling sites on PCI, 
PC2 and PCI (recent data), and some physical and 
chemical characteristics of the water of the sampling 
sites 
Water 






























0 6 4 2 ' " 
0 695*** 
- 0 286 
0 505*· 
0 729·· · 
0 561·* 
0 544·· 
0 596·· · 
0 598·** 
0 216 
- 0 555·* 





- 0 376* 




- 0 184 
0 435* 
0 426* 
0 72Г* · 
a - 0 076 
0 333 
0 363 
- 0 170 
0 572*· 
0 614*** 
- 0 438*· 
0 5 5 7 " 
0 5 4 4 " 
0 6 3 1 " · 
0 7 1 5 " · 
0 5 4 4 " 
0 685*·* 
0 178 
- 0 505 
0 187 
0 094 
- 0 247 
- 0 045 
0 498** 
- 0 396* 












- 0 175 
- 0 234 
0 122 
-0 040 
- 0 200 
- 0 135 
- 0 053 
-0 351 
- 0 072 
-0 163 
0 372 
- 0 099 
- 0 006 
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- 0 149 
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- 0 266 
0 237 
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water, respectively Principal component 2 has 
a negative correlation with sulphate in the 
interstitial water and with the redox potential in 
the sediment Only the concentration of 
ammonium in the interstitial water is positively 
correlated with the loadings on PC3. 
As both PCI and PC2 are significantly 
correlated with pH and pH-related parameters 
(Table 3) in water and sediment, they can be 
interpreted as components related to acidifica­
tion Therefore, the axis of acidification can be 
projected at an angle of 45° between PCI and 
PC2 In this way the water quality in acidified 
waters is characterized by low alkalinity, low 
ionic content, high acidity, high concentrations 
of heavy metals, high ammonium concentra­
tions and increased transparency of the water 
layer It turned out that all hydrologically 
isolated waters (Table 1) have been acidified. 
TABLE 7 Spearman rank correlation coefficients 
between the loadings of the sampling sites on PCI, 
PC2 and PC3 (recent data) and some physical and 
chemical characteristics of the interstitial water and 
the wet sediment of the sampling sites 
Alkalinity 
C B 1 * 
pH 
Mg2+ 
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PC, PC2 PC, 
TIC 0 405* 0 307 - 0 051 
Redox - 0 134 - 0 526" -0 165 
% WL - 0 199 - 0 160 0 164 
•OOlsP-cOOS, "OOOlS/'-cOOI, " · Ρ < 0 001 
Waters with a relatively high pH received 
ground- or inlet water and were often enriched 
to some extent 
It is possible to plot the percentage contribu­
tion to the species list at each site made by 
plants m each of the six groups of aquatic 
macrophytes (Table 2) Three patterns can 
then be detected In one group (39% of the 
waters), there has been a shift from species 
normally occurring in slightly acid and circum-
neutral (and alkaline) waters to species, which 
are characteristic of extremely acid waters (for 
example Fig 3a) In a few waters (7%) the 
relative abundance of species indicating soft or 
moderately hard circumneutral water has in­
creased at the expense of species of acid and 
very soft waters (for example Fig 3b) In a 
third group (46% of the waters), the frequency 
distribution in the penod before 1980 is 
approximately similar to that in 1980-85, but 
the number of species recorded in each group 
has often decreased (for example Fig 3c) This 
group mainly comprises waters (л=9), whose 
species composition m the two penods has 
been classified in the same cluster For two 
waters (7%) no shift in species composition 
can be established because data from the 
period before 1980 are lacking 
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FIG 3 The perccntdge ot taxa in groups I-VI (see 
Table 2) contributing to the vegetation in (a) Groot 
Huisven (b) Bankvcn and (c) Beuven in <1980 
samples (S) and 1980-85 samples (D) The number 
of taxa is indicated above the bars 
Discussion 
The most important overall change observed 
in the twenty-eight soft waters is a reduction of 
the number of species The decline in the 
occurrence of aquatic plant species characteris­
tic of soft waters has already been stated by 
other investigators and has often been attri­
buted to eutrophication, land reclamation and 
drainage (Dierssen, 1972, Schoof-van Pelt, 
1973, De Blust, 1977, Pietsch. 1977, Westhoff, 
1978, Pott, 1982, Wittig, 1982) 
Ordination of recent vegetation data of 
twenty-eight waters and the correlation with 
environmental parameters indicate that pH, 
ionic content and nutrient status of water and 
interstitial water, and the inorganic carbon and 
redox potential of the sediment, are important 
factors in determining the recent distribution 
of macrophyte species in originally low alkalin­
ity waters The observed changes in the posi­
tion of these waters in the ordination diagram, 
when comparing the period before 1980 with 
the period 1980-85, denote alterations in the 
above factors These alterations strongly indi­
cate acidification or eutrophication of sampling 
sites Changes in species-spectra of these wa­
ters confirm these conclusions Van Dam & 
Kooyman-van Blokland (1978) also demon­
strated that the observed changes in diatom 
spectra and macrophytes in waters near Oister-
wijk (The Netherlands) could also be attri­
buted to cutrophu dtion and/or acidification 
In the ordination diagram, reflecting the 
scores of the taxa on the three principal 
components, Sphagnum spp (No 2) and 
RanunculiK flammula L (No 29) are at the 
extreme ends of an imaginary axis, corres­
ponding with the overall axis of acidification 
(Fig 2e) The species table (Table 4) shows 
that Ranunculus flammula is characteristic of 
clusters C, D and E, in which non-acidified 
waters are classified This is in agreement with 
the occurrence of these species with respect to 
the pH of the water layer (Arts, 1987) Ranun­
culus flammula and submerged Sphagnum spp 
exclude each other except for the pH range 
5 0-6 0 The latter grow in more acid waters, 
whereas Ranunculus flammula can be found in 
only slightly acid and circumneutral waters 
(Arts, 1987) The observed response of sub­
merged Sphagnum spp with respect to pH can 
be explained by their inability to grow sub­
merged in waters containing (bi)cdrbonate 
(Roelofs et al, 1984) If pH decreases below 
5 0, the bicarbonate concentration is almost 
zero (Wright & Gjessing, 1976, Leuven & 
Schuurkes, 1985) However, Sphagnum spp. 
can be found in each type of water distin­
guished (Table 4) The summary of historical 
data of aquatic macrophytes for the penod 
before 1980, and the absence of an identifica­
tion of the genus Sphagnum up to the species-
level and hence the absence of a distinction 
between submerged and emerged growing 
forms, may be responsible for this 
With respect to water quality Nymphaea 
alba is not an indicator species It is indifferent 
with respect to pH and alkalinity of the water 
layer (De Lyon & Roelofs, 1986) However, 
this species is important in determining the 
position of the sites in the ordination diagram 
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This can be explained by the occurrence of this 
species in several acidified localities near Ois-
terwijk (Noord-Brabant) together with Juncus 
bulbosus. Sphagnum spp and sometimes 
Nuphar lutea (L ) Sm Once settled and full-
grown, Nymphaea alba can survive regardless 
of the water quality (Brock, 1985) 
The results presented show that the environ­
ment of many localities has become acidified 
It has also been demonstrated that a low pH is 
related to low Total Inorganic Carbon (TIC) in 
interstitial water and total sediment and high 
acidity (a measure of the carbon dioxide con­
centration) and ammonium concentrations in 
the water layer Airborne ammonium sulphate 
and reduced nitrification are responsible for 
the observed high ammonium concentrations 
in acidified waters Inorganic nitrogen and 
inorganic carbon are important nutnents for 
macrophytes and may therefore additionally 
affect their growth during the acidification 
process In soft waters nitrogen is available as 
nitrate and the concentrations of carbon di­
oxide and nitrate are very low (Pietsch, 1977) 
In acidified waters the levels of carbon dioxide 
and ammonium in the water layer are strongly 
increased The role of the observed chemical 
changes in N and С as a result of acidification 
has been emphasized by several other authors 
(Roelofs, 1983b, 1986, Roelofs et al, 1984, 
Schuurkes et at, 1986) These changes result in 
dominance of Juncus bulbosus and Sphagnum 
spp in waters which were formerly charac-
tenzed by isoetids This succession is also 
observed in areas outside The Netherlands 
(Grahn, Hultberg & Landner, 1974, Grahn, 
1977, Hendrey & Vertucci, 1980, Nilssen, 
1980, Rebsdorf, 1983, Singer, Roberts & 
Boylen, 1983) 
The present paper shows that in acidified 
waters the ionic content of several parameters 
(except for ammonium, hydrogen, cadmium 
and aluminium) and the concentrations of 
dissolved organic phosphorus, dissolved orga-
mc nitrogen and dissolved organic carbon are 
low This is closely connected with a strong 
decrease in microbial decomposition, resulting 
in accumulation of organic debns in the sedi­
ment and a disturbed nutnent recycling 
(Grahn et al, 1974, Hendrey et al, 1976, 
Bobee & Lachance, 1984, Brock, Boon & 
Paffen, 1985, Schuurkes & Leuven, 1986) 
Increased heavy metal concentrations in acidi­
fied waters have already been mentioned by 
several other investigators (for a review see 
Wright & Gjessing, 1976, Aimer et al, 1978, 
Overrein, Seip & Tollan, 1980, Bobee & 
Lachance, 1984) and may be due to increased 
mobilization of metals caused by acidification 
of water and sediment Elevated levels of 
heavy metals may be phytotoxic Yan et al 
(1985) have demonstrated that in soft water 
lakes in Ontario (Canada) species richness of 
acidic lakes was negatively correlated with 
copper and nickel levels 
The conclusion that all hydrologically iso­
lated waters are acidified illustrates the import­
ance of hydrology in affecting the buffering 
capacity of a water-body Hydrology as an 
important factor controlling susceptibility to 
acidification has also been emphasized by 
Eilers et al (1983) They demonstrated that 
potentially sensitive low alkalinity lakes in 
Wisconsin lack surface inlets or outlets and are 
only minimaHy influenced by groundwater 
However, in The Netherlands contact with 
groundwater does not always protect aquatic 
systems from acidification (Arts, 1987) because 
the groundwater may also be acidified and 
lack buffering capacity (e g the acidified Staal-
bergven (No 11) still receives groundwater) 
By changing the hydrology man has affected 
the sensitivity of water-bodies to acidifying 
deposition Many waters, presently hydrologi­
cally isolated, were formerly part of a network 
of ditches and streams (Table 1) The greatest 
changes in aquatic vegetation as desenbed in 
this paper (from cluster E (eutrophic waters) 
to cluster A (acidified waters)) also proved to 
be influenced by man These changes took 
place in three waters near Oisterwijk (Province 
of Noord-Brabant), viz Voorste Choorven 
(No 3), Wit ven (No 4) and Van Esschenven 
(No 19) About 1950 these waters were en­
riched Voorste Choorven and Witven were 
dredged and the water-inlet stopped (Van der 
Werff, 1955), resulting in acidification of these 
waters since that time, they are still connected 
to each other Generally, water inlet has been 
proved favourable in preventing acidification 
of originally soft waters However, waters may 
become eutrophicated to some extent (cluster 
E, Table 4), when tributary ditches and 
streams are mainly fed by nutnent enriched 
drainage water from surrounding agncultural 
areas Phosphate ennchment of the sediment 
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and the water layer leads to luxurious growth 
of pleustophytes such as Riccia fluitans L. and 
Lemna minor L. in small, shallow waters. In 
larger, deeper water-bodies the water becomes 
turbid as a result of algal bloom and/or luxu­
rious growth of epiphytes (Roelofs, 1983b; 
Roelofc et al., 1984). Finally this may also lead 
to a decline and disappearance of the original 
submerged soft water-vegetation. Light limita­
tion is the reason for this (Sand-Jensen & 
Sendergaard, 1981). 
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SUMMARY 1. Considerable changes in macrophyte vegetation can be noticed 
in 146 originally soft waters, when data on the recent aquatic 
vegetation are compared with historical information from the period 
1900-1960. Changes in nutrient status (N,P and C) and accumulation of 
organic material can be regarded as the operative factors. 
2. The processes observed in soft waters are acidification, 
eutrophication and water hardening. Which process dominates depends on 
the type of soft water. 
3. Acidification as well as eutrophication of water bodies may 
ultimately result in the total disappearance of all aquatic 
macrophytes, with the exception of the floating-leaved nymphaeids 
Nymphaea alba L. and Nuphar lutea (L.) Sm. Observed successional stages 
are described and summarized. 
Keywords: acidification, aquatic macrophytes, eutrophication, historical 
development, long-term changes, soft water, succession. 
INTRODUCTION 
Soft waters on sandy deposits in atlantic and subatlantic lowland parts 
of Western Europe are characterized by a specific combination of abiotic 
and biotic features, as outlined in Arts, Roelofs & De Lyon (1990). The 
most important properties which distinguish them from soft waters in other 
geographical regions are their small size, their shallowness, their 
original hydrological isolation and the occurrence of a relatively rich and 
abundant vegetation of soft-water macrophyte species. The Dutch soft waters 
can be considered a representative group of these waters. 
Studies of long-term changes in the aquatic vegetation involving a number 
of soft-water lakes have been scarce (e.g. Wade, 1983). Neither have 
successional sequences often been reported in acid rain research (e.g. 
Present address: Grontmij nv., De Holle Bilt 22, 3730 AE De Bilt, 
the Netherlands 
Address for correspondence 
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Grahn, 1977; Hendrey & Vertucci, 1980; Flower et al., 1988). The reasons 
for this are the scarcity of historical documentation, the paucity of 
qualitative and quantitative data on the macrophyte communities in acid-
sensitive oligotrophic lakes, the very time-consuming palaeo-limnological 
methods and the slowness of the natural acidification process. 
Changes in macrophyte vegetation in (sub)atlantic soft waters situated on 
sandy deposits are considerable and fairly well documented. Some observed 
successions resulting in a serious reduction of isoetid sites in the 
Netherlands have already been reported (Schoof-van Pelt, 1973; Roelofs, 
1983; Den Hartog, 1986; Arts & Leuven, 1988). However, an extensive 
historical view of observed vegetation changes is still lacking. Therefore, 
this paper focuses on these developments. Using assemblages of macrophytes 
it demonstrates 20 с" century changes in soft-water lakes. On the basis of 
the vegetation of soft waters in the past, the autecology of soft-water 
macrophytes and the recent vegetation and physico-chemical conditions in 
formerly soft waters, it deduces the changes in abiotic factors which have 
produced the current macrophyte assemblages. The quantitative importance of 
all factors underlying the observed decline in the occurrence of soft-water 
macrophyte species and the deterioration of soft waters is beyond the scope 
of this paper and is presented in Arts et al. (1989). 
MATERIALS AND METHODS 
Historical data 
In order to trace changes in soft waters in the Netherlands, we studied 
sites where the isoetids Littorella uniflora (L.) Aschers., Lobelia 
dortmanna L. , Isoetes lacustris L. and/or Isoetes echlnospora Durieu were 
known to have been present in the past or where they still are to be found. 
Records were obtained from: 
- 1. Herbarium specimens and distribution maps. 
- 2. Botanical literature and historical site descriptions. 
- 3. Unpublished documents and papers in various archives. (The archives 
are cited in the Acknowledgements). 
Records were used only if they were confirmed by at least two sources. For 
each water body, physico-chemical data and those describing hydrology, 
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management and macrophyte species composition were also collected from the 
above sources. The numerous references are not presented in this paper. 
• 1 site 
• 2 sites 
• 3 „ „ 
• 5 „ „ 
• 6 „ ., 
• >10 „ „ 
c¿a? FIG. 1. Geographical distri-
bution of the study sites 
which were and in some cases 
still are characterized by 
isoetid plants. 
Recent data 
Evaluation of the historical information resulted in a data set of 146 
surviving bodies of water which could be located exactly and whose history 
was fairly well documented (Fig. 1). These sites (moorland pools, small 
lakes and dune slacks) were visited in summer during the period 1983-1986. 
The aquatic vegetation was thoroughly investigated. As the sampled bodies 
of water are shallow (mostly s 2 m), SCUBA diving was never necessary. 
Using rubber trousers it was usually possible to wade through. If 
necessary, a boat and a rake were used. On each location the pH of a mixed 
water sample, taken from the open water, was measured on the spot using a 
Metrohm model E488 pH meter and a model EA 152 combined electrode. 
Alkalinity was determined by titration of 100 ml water with a 0.01 N HCl 
solution down to pH A.2. A Dentan. model FN5 turbidity meter was used to 
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measure turbidity. After filtration of water samples (Whatman GF/C filter, 
pore size 1.2 pm) ammonium, nitrate/nitrite and orthophosphate were 
measured colorimetrically, using a Technicon II Auto Analyzer. The sediment 
was collected by means of a core sampler (height 10 cm, diameter 8 cm). A 
subsample from a mixture of ten bottom samples was taken to the laboratory, 
where water content (24 h drying at 105oC) and weight loss on ignition (A 
h, 550oC) were determined. 
Dat a-process ing 
The significance of differences in sediment and water quality between 
groups of data was determined using the Kruskal-Wallis and Wilcoxon tests. 
The significance of time-trends was checked with the Terpstra test. All 
statistical analyses were performed with Statistical Analysis System 
procedures (SAS, 1985). 
RESULTS 
Changes in vegetation 
The sample survey of 146 surviving water bodies during the period 
1983-1986 revealed striking differences in aquatic vegetation between them. 
The vegetation at each sampling site was classified according to the 
species groups summarized in Table 1. The waters investigated were 
originally characterized by soft-water macrophyte species (group 1 in Table 
1). Based on these macrophyte species they were subdivided into soft and 
very soft waters (Table 1). Very soft waters were distinguished by a 
species-poor isoetid vegetation. They were slightly acid or neutral and 
showed low alkalinity (alkalinity s 1 meq.l"1) and low productivity. The 
circunmeutral soft waters were more buffered (alkalinity up to 2 raeq.l ). 
They were richer in species and were inhabited by isoetids as well as a 
number of other soft-water macrophytes. In the period 1983-1986 some water 
bodies still possessed a soft-water vegetation. In many cases, however, 
this vegetation was a relic of the former situation or had already been 
invaded by species groups 3 and 4 in Table 1. Of the soft-water macrophytes 
Hypericum elodes is the last to disappear. In some waters this species can 
persist for decades. Other soft-water species which can survive for a 
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TABLE 1 . Groups of macrophytes indicating different conditions of the 
sediment and the overlying water layer. Only the major characteristics and 
those parameters which have changed compared with the abiotic environment 
of species group 1 are included. Alkalinity is presented in meq.l" , PO4-J_, 
Ш з " and NH4 concentrations in μιηοΐ.ΐ and turbidity in ppm. 








Sphagnum cuspldatum Ehr. ex Hoffm. 
Sphagnum denticulatum Brid. 
Drepanoclatfus fluitans (Hedw .) Warnst. 
Juncus bulbosus L. forma fluitans 
.Hard-water macrophytes: 
Potamogetón pusillus L. 
Ceratophylluni demersum L. 
Myriophyllum spicaCum L. 
.Macrophytes in eutrophicated 
Lemna minor L. 
Діссіа fluitans L. 
.No submerged macrophytes 
Highly tolerant macrophytes: 
Nymphaea alba L. 
Nuphar lutea (L.) Sm. 
water: 
pH > 5.0 
alkalinity < 2 
PO43- < 0.5 
inorganic N < 10 
clear 
NO3- » NH4+ 
pH 3.6 - 5.9 
alkalinity < 0.1 
HCO3- = 0 
clear 
median NH4+ - 39 
alkalinity > 2 
clear 
PO43- > 1 
NO3- > 10 
alkalinity < 1 
turbid (median 


















In soft water: Elatlne hexandra (Lapierre) D C , Lythrum portula (L.)D.A. 
Webb, Nitella flexilis (L.)J. Agardh, Pilularia globulifera L. , 
Echinodorus repens (Lamk.) Kern & Reichgelt, Echinodorus ranunculoldes (L.) 
Engelm. ex Aschers., Potamogetón gramlneus L. , Chara globularia Thuill., 
Eleocharis acicularis (L.) Roemer & Schultes, Apium inundatum (L.) Rchb., 
Myriophyllum alternif lorum D C , Callicriche hamulata Kiitz. ex Koch, 
Ranunculus flammula L. , Potamogetón polygonifollus Pourret, Ranunculus 
pelcatus Schrank, Potamogetón obtuslfollus Mert. & Koch. In very soft and 
soft water: Lobelia dorCmanna L. , Isoetes lacustris L., Isoeces 
echinospora Durieu, Llttorella uniflora (L. )Aschers., Luronium natans 
(L.)Rafin., Scirpus fluitans L., Utrlcularia australis R.Br., Sparganium 
minimum Wallr., Hypericum elodes L. , Ranunculus ololeucos Lloyd. 
Ill 
number of years after the disappearance of the others are Sclrpus flultans, 
Lythrum portala and Ranunculus flammula. 
Waters dominated by the pleustophytes Lemna minor and Riccia fluitans 
(species group 4) were characterized by very high numbers of aquatic 
macrophyte species (up to twenty-eight recorded for one water body) in the 
first half of this century. In the present situation they were found to be 
covered by a reedswamp in their littoral parts, indicating a succession 
towards land. The nymphaeids Nymphaea alba L. and Nuphar lutea (L.) Sm. can 
be found in the species groups 2,4 and 5 in Table 1. On highly organic 
sediment in deeper localities they were often the only macrophytes, apart 
from algae. Waters classified in group 5 (Table 1) lacked any submerged 
macrophyte vegetation. The layer of dead Juncus bulbosus remaining on the 
submerged sediment may be the remainder of its last vegetation. 
Table 1 summarizes the abiotic conditions in which the various macrophyte 
species occur. It presents only the major characteristics and in particular 
those parameters which have changed compared with the abiotic environment 
of species group 1. As the various species groups indicate distinct abiotic 
conditions, the macrophytes can be used as indicator species and as a tool 
for tracing changes in water and sediment quality in soft-water ecosystems. 
In this way one can translate changes in aquatic macrophyte vegetation into 
changes in abiotic conditions and then into processes which have occurred 
in soft-water ecosystems. 
Abiotic changes and observed processes 
Compared with the original soft-water environment indicated by species 
group 1, most study sites were generally enriched with nutrients (N,P or 
C ) . In waters dominated by species group 2 (Table 1) ammonium 
concentrations were significantly raised (p s 0.05) in comparison with 
waters characterized by species group 1. The ortho-phosphate content was 
found to have increased significantly (p £ 0.05) when species group 1 
changed to 4. Turbidity also increased, while bicarbonate concentrations 
had generally remained low. In waters in which species from group 3 
occurred bicarbonate concentrations were higher, while turbidity had 
remained low. Waters classified in group 5 were distinguished by a 
decreased transparency of the water layer. 
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Numerous historical sources give firm evidence of the almost purely sandy 
character of the sediment of isoetid stands, which was the original 
situation of all sampling sites. In comparison, all observed changes imply 
the accumulation of organic material and a considerable modification of the 
nature of the available substratum (Table 1). To a lesser degree this was 




FIG. 2. Translation of observed changes in the species composition of 
aquatic macrophyte vegetation into processes in soft-water ecosystems. 
Numbers correspond to the species groups described in Table 1. 
The processes responsible for the changes in vegetation of soft-water 
ecosystems during this century are acidification, water hardening and 
eutrophication (Fig. 2). All waters were classified on the basis of these 
observed processes. The macrophyte-free waters were considered a distinct 
category, because such a situation may be a final stage of acidification as 
well as of eutrophication. In the classification those waters which are 
still soft are treated separately to show whether they are changing and, if 
TABLE 2. Classification of the 
investigated water bodies into 
seven categories, based on data 
with respect to changes in 





Increased water hardness (H) 
Soft-water vegetation present (S) 
Eutrophicating soft water (Se) 
Soft-water vegetation at increased 
water hardness (Sh) 
Impoverished soft-water vegetation (Si) 
so, in which direction. The resulting seven categories of waters are 
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described in Table 2. It turns out that the dominant processes in different 
soft-water types are not similar. In very soft waters with a low alkalinity 
(alkalinity £ 1 meq.l"^), acidification was the most frequently observed 
process (Fig. 3). Eutrophication and water hardening (alkalinisation) of 
very soft waters could not be established. Formerly soft waters (alkalinity 
up to 2 meq.l"^) had been subjected mainly to eutrophication or 
acidification and the waters which were still soft were found to be under 
threat of eutrophication (Fig. 3). There were indications that some inland 
soft waters had once been very soft. Fig. 4 summarizes the observed 




Type of water 










FIG. 3. Relation between types of soft water in the first half of this 
century and observed frequency of the present condition of these waters. 
The legend corresponds to that of Table 2. 
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FIG. 4. Diagram presenting the aquatic macrophyte succession observed in 
soft and very soft waters in the Netherlands during this century. 
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DISCUSSION 
The abundance of a species has not been considered in this paper, because 
the available quantitative data are only descriptive or incomplete and 
often not comparable due to the use of different methods. Besides, most 
historical macrophyte data available are qualitative. The present paper 
demonstrates that qualitative data of indicator species can give important 
information. It shows that evaluation of changes in the occurrence of 
indicator species over a fairly long period, viz. one century, is very 
useful for tracing long-term shifts in water and sediment quality and for 
recognizing processes. Such a historical reconstruction is not possible on 
the basis of old physico-chemical data, because these are scarce and patchy 
and therefore only supplementary. 
Arts et al. (1990) already demonstrated the occurrence of two distinct 
ecological groups of soft-water macrophytes in lowland, (sub)atlantic, soft 
waters with an original sandy substrate. One group of macrophytes can, at 
least temporarily, survive under extremely acid conditions, while the 
occurrence of species of the other group is merely limited by a distinct 
minimum pH of the water. The first group characterizes the slightly 
buffered (alkalinity s 1 meq.l-1), very soft waters, while macrophyte 
species of both groups can be found together in the more buffered soft 
waters (alkalinity up to 2 meq.l"1). This paper proves that there are clear 
differences in the historical developments of these two soft-water types. 
The fact that eutrophication and water hardening (alkalinisation) of very 
soft waters could not be established and the indication that some inland 
soft waters were originally very soft suggest that eutrophication of very 
soft waters proceeds via a transitional "soft-water stage". Hence, supply 
of nutrients at first causes a temporary increase in species richness, 
particularly of soft-water species which do not tolerate extremely acid 
conditions (Arts et al., 1990). This is often accompanied by the appearance 
or increase of Potamogetón na tans. Miller & Dale (1979) described a similar 
successional process from an isoetid vegetation to a vegetation richer in 
soft-water species and dominated by floating-leaved species. 
The replacement of an isoetid vegetation by Myrlophyllum alterniflorum at 
the deepest localities in lakes with a slightly phosphate-enriched sediment 
(Dambska, 1966; Roelofs, 1983), seems to be a temporary stage in the 
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succession. This is evident from the historical literature of some waters 
and the rarity of such vegetation nowadays (only four study sites). 
The present study demonstrates that the nymphaeids Nymphaea alba and 
Nuphar lutea are the last survivors of a formerly more diverse macrophyte 
vegetation in a number of water bodies. This phenomenon has also been 
described for lakes outside the Netherlands (Pearsall, 1920; Phillips, 
Eminson Ь Moss, 1978). Having rhizomes and floating leaves, nymphaeids 
become independent of shading by epiphytes, filamentous algae or 
phytoplankton and CO2 concentrations in the water column once they have 
reached the water surface. Both nymphaeids show specific adaptations which 
enable them to grow under anaerobic sediment conditions. They include 
alcoholic fermentation in the roots (Smits et al., 1990) which prevents 
cytoplasmic acidosis (Roberts et al., 1984) and the internal supply of 
oxygen to the roots required to oxidize toxic reduced sulphur compounds 
(Dacey, 1981; Dacey к Klug, 1982). Because of these adaptations they are 
the only aquatic plants that can survive in highly organic sediments. 
During the present study it was demonstrated that besides changes in 
water quality, transformation of the substratum and particularly the 
accumulation of organic material are the most important abiotic changes in 
soft-water systems. During the process of eutrophication accumulation of 
organic matter is caused by an enhanced biological productivity and 
sedimentation of detritus, while during acidification accumulation occurs 
because of slow decomposition. Sediment changes are generally considered to 
be a main cause of succession (Pearsall, 1920; Macan, 1977; Spence, 1982). 
A stable submerged vegetation may indicate low rates of sedimentation 
(Carpenter & Titus, 1984). Erosion in wind-exposed parts of relatively 
large water bodies is an important factor causing low sedimentation rates. 
In the Dutch situation, with prevailing westerly winds, this takes place on 
the east side of pools and lakes. There the substratum remains bare and 
sandy and suitable for the growth of isoetid plants. Under these 
conditions, and without considerable changes in water quality, the isoetid 
communities can be regarded as rather stable elements or 
"Dauergesellschaften", in the terminology of Dierssen (1975). Afforestation 
of the surroundings of the lakes stimulates the development of organic 
sediments, because it reduces wind erosion. Acidification and 
eutrophication also cause the formation of highly organic sediments. In the 
Netherlands afforestation of the surroundings of the study sites has taken 
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place since the middle of the last century (Arts, Schaminée & van den 
Munckhof, 1988). Therefore, the most serious decline in isoetid species 
since 1940 cannot be explained by the effects of afforestation only. 
Nowadays very soft waters supporting isoetids do not exist anymore, 
mainly because of acidification. As these waters are hydrologically 
isolated and mainly fed by rainwater and superficial groundwater, 
acidification may be attributed to the impact of atmospheric pollutants. Of 
these pollutants NHX is an important acidifying agent in the Netherlands 
(Schuurkes, Maenen & Roelof s, 1988). Only three species-poor isoetid 
communities still exist in acidified waters. They are maintained by the 
continual creation of a bare, sandy substratum. Most inland soft waters 
have been influenced by man-made eutrophication, including the supply of 
buffering substances, which has prevented these waters from becoming 
acidified or has delayed this process. Renewed hydrological isolation of 
soft waters by man has encouraged cultural acidification. 
CONCLUSIONS 
- The most important abiotic changes which have occurred in soft waters 
during this century include an increase in the nutrient content of the 
water column and an accumulation of organic material in the sediment. 
- The processes observed in soft-water ecosystems during this century are 
acidification, eutrophication and water hardening (alkalinisation). 
- Acidification in the course of this century is the most frequently 
observed process in slightly buffered, very soft waters, which have not 
developed into soft water. Soft waters which exhibit a higher buffering 
capacity have changed under the influence of acidification or 
eutrophication or are still characterized by an often impoverished or 
eutrophicated soft-water vegetation. 
- A nymphaeid vegetation of Nymphaea alba and Nuphar lutea may be the 
final stage of succession during acidification as well as 
eutrophication of soft waters. 
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ABSTRACT 
Arts, G Η Ρ , Α J de Haan, Μ В Siebum and G M Verheggen, 1989 Fxtent and historical 
development of the decline of Dutch soft waters 
In the Netherlands the number of sites characterized by soft-water macrophyte species has con­
siderably decreased during this century An important part of the overall decline can be attributed 
to reclamation and acidification Early this century eutrophication was the main cause of degenera­
tion of soft-water vegetation types At the same time acidification was already affecting sensitive 
waters by causing alkalinity loss It was not until several decades later, however, that the detrimental 
effects of acidification became evident Acidification and eutrophication were so tar more 
deleterious to lobelia dorlmanna L than to Littorella uniflora (L ) Aschers Various sott-water 
biotopes are considered with respect to their historical development, deterioration and current im­
portance 
INTRODUCTION 
In the Netherlands and neighbouring countries eutrophication of soft waters 
has been reported for along time (S.O.L., 1957-1959; Diersscn, 1972; Lubben, 
1973; Schoof-van Pelt, 1973, De Blust, 1977; Pietsch, 1977; Westhoff, 1978; 
Pott, 1982; Wittig, 1982) and has been considered the main cause of the 
degradation of the vegetation types in these waters. It was not until the eighties 
that acidification was recognized as an adverse phenomenon in water bodies in 
(sub)atlantic lowland parts of Western Europe (Van Dam and Kooyman-van 
Blokland, 1978; Roelofs, 1983). The effects on biota have been described since 
then (Leuven, 1988; Arts et al., 1989a) and experiments have yielded evidence 
and physiological explanations for the observed changes in macrophyte vegeta-
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tion which were attributed to acidification (Roelofs et al , 1984, Schuurkes et 
al , 1987) Thus it was proved that acidification occurred in a substantial 
number of (sub)atlantic soft waters, but up to now neither the historical 
development of the acidification process nor its quantitative importance in the 
observed overall decline of macrophyte communities in these waters have been 
determined 1 his gap can only be filled by the study of historical data, which of­
fer a reference frame 
Γ ollowing a general review of the observed successions and processes in soft-
water vegetation in the Netherlands in Arts et al (1989b), this paper intends to 
point out the quantitative importance of all factors underlying the decline The 
(ollowing items wíl be considered 
- The occurrence and distribution of soft-water macrophyte species in the 
Netherlands in past and present 
- The extent of acidification in comparison with other causes for the decline and 
deterioration of soft waters 
- The historical development of eutrophication and acidification in soft waters 
\1ATl RIAI Ь AM) MhTHODS 
Historical studies 
The isoetid species Littorella uniflora (L ) Aschers , / obelia dortmanna L , 
Isoetes lacustns L and Isoetes echinospora Durieu were used as indicator 
species to trace originally soft-water sites throughout the country Records of 
these species were collected from 
- 1 Herbarium specimens and distribution maps 
- 2 Botanical literature and historical sketches 
- 3 Unpublished documents and papers in various archives (The archives are 
cited in the Acknowledgements) 
For practical reasons this paper does not present the numerous references The 
natural biotopes of the isoetids studied here mainly include pools and shallow 
depressions in moorland, as well as small lakes For study of other soft-water 
biotopes, sites with soft-water macrophyte species, but not necessarily the 
isoetids mentioned above, were traced in the Province of Overijssel This 
province is a representative part of the Pleistocene sandy region which is the 
most important natural distribution area of soft waters in the Netherlands In 
this paper the definition of soft-water macrophyte species is applied as defined 
by Arts el al (1989a) 
Information on the occurrence at isoetid sites of other soft-water macrophyte 
species, as well as old pH and alkalinity data, was collected from the sources 
already listed To quantify the decrease in the number of sites per soft-water 
species the available historical information was summarized for different time 
periods The degree of reclamation was estimated by comparing the locations of 
records on old topographical maps (co-ordinates, exact site designations or 
presence of species per 1 045 x 1 250 km2) with recent maps 
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Recení survey of original soft-water sites 
In the period 1983-1986 a survey of 200 still existing, exactly localized and 
fairly well-documented waters was carried out. Waters were selected only if old 
records of soft-water macrophytes were confirmed by at least two historical 
sources. At every site the vegetation was quantitatively described and the 
physico-chemical conditions of water and sediment were determined (Arts et al., 
1989b). Based on data of their former vegetation, the selected waters were divid-
ed into originally "soft" and originally "very soft" waters (Arts et al., 1989a 
and b). Very soft waters were characterized by poor communities of mainly 
isoetid-typc plants and had a very low alkalinity. The more buffered soft waters 
showed a higher diversity of soft-water macrophyte species. Taking historical 
data as a reference, water bodies were classified into various categories, express-
ing the changes that had occurred at a site during this century. For these 
categories the definitions of "acidified", "eutrophicated" and "hard" are ap-
plied as defined by Arts et al. (1989b). 
RESULTS 
Past and recent distribution of soft-water species 
Table 1 presents the number of sites in the Netherlands where at least one of 
the isoetids Littorella uniflora, Lobelia dortmanna, Isoetes lacustris and Isoetes 
echinospora has been recorded, for three different periods. The first record of 
an isoetid species was dated 1834. Most records, however, go back to the 
1900-1960 period. They mainly concern Littorella uniflora and Lobelia dort-
manna, as both Isoetes species have always been rare. Of the four species, only 
Littorella uniflora occurs in the coastal dune area. A thorough investigation at 
the end of the fifties (S.O.L. (1957-1959) in Schoof-van Pelt (1973)) already 
showed a serious decrease in the number of sites with isoetids. In the 1983-1986 
period isoetids were only found at 52 localities (table 1), all of them characteriz-
ed by Littorella uniflora. The other isoetids were generally not recorded at those 
sites, isoetes lacustris survived in one water body, which was being used as a 
swimming pool. Lobelia dortmanna still grows in two waters, as a positive con-
sequence of intensive nature management. Isoetes echinospora completely 
Table 1. Numbers of sites known to be characterized by at least one ol' four isoetid species in dif-
ferent periods, and the total relative decline in sites ("ft). 
1900-1950 1956-1963 1983-1986 ^decline 
Littorella uniflora 412 75 52 87 
Lobelia dortmanna 183 26 2 99 
Isoeies lacustris 19 6 1 95 
Isoetes echinospora 10 3 1 90 
Total* 535 83 52 91 
* sites where one or more of these isoetids have been recorded. 
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disappeared from the country in the seventies. Recent restauration of its biotope 
in a moorland pool caused its re-establishment at that site. Table 1 also presents 
the total decrease (αΌ) of the number of sites, which has been most serious for 
Lobelia dortmanna. The decrease (%) in the number of localities of Littorella 
uniflora is considerably less severe in the coastal dunes than it is in the inland 
Pleistocene area (69^0 and 91 "ft, respectively; the overall reduction is 87% 
(table 1 )). The distribution of all known sites with isoetids is show η in f ig. 1. On 
the map it covers the inland Pleistocene area and the dune area (fig. 1Λ). The 
main centre of distribution of both Isoetes species was the southern part of the 
Netherlands only. At the end of the fifties Lobelia dortmanna mainly survived 
at sites in that same area (fig. IB). In the period 1983-1986 one third of all sites 
of Littorella uniflora was situated in the coastal dunes (fig. 1С). 
Fig. 2 presents the occurrence of some important soft-water macrophytes in 
different periods at sites where at least one of the considered isoetids had once 
been recorded. In the first half of this century Juncus bulbosus L., Littorella 
uniflora and Lobelia dortmanna were common. The first species still occurs 
very frequently. Of the two isoetid species, Lobelia dortmanna decreased far 
more rapidly than Littorella uniflora. Fig. 2 shows that most species have 
declined considerably, particularly since the first half of this century. Al pre­
sent, the most frequently observed soft-water macrophytes are Littorella 
uniflora, Hypericum elodes L., Luronium natans (L.) Rafin. and Scirpus 
flu i tans L.. 
The quantitative importance of factors responsible for the observed decline 
The observed reduction in the occurrence of isoetids was caused by quan­
titative as well as qualitative changes. A quantitative decline in the number of 
localities was due to site destruction by large-scale moorland reclamation and 
drainage. In addition, the quality of vegetation, water and sediment in the re­
maining waters changed, resulting in the disappearance of isoetids and other 
soft-water macrophyte species, and a rapid succession to other vegetation types. 
The major cause of this qualitative deterioration was acidification (fig. ЗА and 
B). In the total decline of isoetids, site destruction was at least equally important 
as acidification (fig. ЗА and B). 
It follows that acidification of the natural biotope of isoetid species is a very 
frequent phenomenon. Of this biotope hydrologically isolated moorland pools 
show highest acidification percentages, approaching 100% of still existing 
waters. In other soft-water biotopes acidification is of minor significance, for 
example in ditches and canals (fig. 4A) and duneslacks (fig. 4B). The former 
soft-water biotopes lack the isoetids considered. These differences between soft-
water biotopes regarding the contribution of acidification to the total decline 
can be ascribed to differences in the buffering capacity of waters, which is con­
trolled by their hydrology and edaphic factors. 
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Fig. 1. Sites with at least one of the four isoetid species in three different periods in the Netherlands. 
A. Period 1900-1950 and some earlier dates B. 1956-1963 С 1983-1986. 
Time course of eulrophication and acidification 
In fig. 5 the development of pH and alkalinity is presented for soft waters and 
very soft waters, which are both currently acidified. In soft waters the sharpest 
fall in pH occurred in the period 1971-1980. Buffering capacity was lost earlier. 
The alkalinity was already as low as 0.15 meq 1"' in the period 1951-1960. In 
the very soft waters pH decreased constantly until the period 1971-1980. A loss 
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F ig 3 Present day situation of sites known to have been inhabited (and in a few cases still inhabited) 
by A Lobelia dorlmanna and В Littore/la uniflora In fig В the categories "hard" and "swamp" 
have been combined into the category "other" 
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Fig 5. Mean pH and alkalmit> (+ SD) in ntmadasi acidified, bui loimerK soli or ver\ soli waters 
in different periods The number of waieis is indicated above the bars 
of alkalinity could not be demonstrated. On average, pH decreased from 5.5 in 
the period 1900-1950 to 4.4 in the period 1981-1986. 
In the early part of the present century eutrophication seems to have been the 
main cause of the deterioration of soft-water vegetation types and the loss of 
species from those vegetation types, while acidification can be considered the 
factor responsible for this in more recent times. This is demonstrated by the 
sharply declining degeneration curves (fig. 6) and the disappearance of two 
isoetid species from eutrophicating and acidifying waters (fig. 7). The latter 
figure also shows that in acidifying waters both isoctids were lost from very soft 
waters first and from soft waters only subsequently. However, the response 
of both isoetids differed. Lobelia dortmanna was the first to disappear during 
eutrophication as well as acidification of waters, before Littorella uniflora 
did so. 
DISCUSSION 
Quantitative information summarizing any cases of decline in the occurrence of 
soft-water macrophyte species for countries other than the Netherlands is 
scarce. If available, data are limited to two isoetid species, Lobelia dortmanna 
and Littorella uniflora. Within the European distribution of the former species, 
which includes northern Europe and part of Atlantic western Europe, F.R. Ger-
many is the only country for which comparable figures have been presented so 
far. In 1987 Lobelia dortmanna was recorded at 4 of the original 68 West Ger-
man sites, which is a relative decline of 94% since the first half of this century 
(Lubben, 1973; Η. Vahle, personal communication). According to Haeupler 
and Schonfelder (1988), Lobelia dortmanna is still known from 10 West Ger­
man 10-kilometer-squares (grid references), whereas it disappeared in 30 
squares previously known. Their data, however, are not up to date and in addi­
tion, they have overestimated the number of sites by including sites situated in 
^ rredn 






Γ Ι sof t w a t e r s 






two squares twice. For Littorella uniflora a considerable quantitative decline is 
known only from G D R. There the occurrence of Littorella uniflora was 
reduced by 97%. Only 7 sites are left now (J. Duty, personal communication) 
In F.R. Germany and G.D.R the observed decline in sites is roughly similar to 
that described in this paper for isoetid species in the Netherlands. In Scotland 
a decline in the number of sites was found for both isoetids, but precise figures 
have not been presented (Farmer and Spence, 1986). The lack of data for other 
countries has various reasons. In Belgium most soft-water ecosystems have 
disappeared (Schoof-van Pelt, 1973), while historical studies have never been 
carried out, as far as is known. The lack of any information about lakes in nor-
thern Europe can probably be attributed to a less serious decline In part, this 
may be due to reclamation being of minor importance in these less populated 
countries, while changes in vegetation may have been inconspicuous up to now. 
Although isoetid species can (temporarily) persist in acidified waters (Arts et 
al., 1989a), this usually cannot prevent their ultimate elimination from these 
sites. This paper shows that acidification is an important cause of the extinction 
of isoetid species in many Dutch waters. It also plays a role in F R. Germany 
(Dierssen, 1981). In Scandinavia a direct demonstration that acidification leads 
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Fig. 7 Year of disappearance of Lobelia dorlmanna (curves denoted " a " ) and Liilorella uniflora 
(curves denoted " b " ) from inland waters which are nowadays eutrophicated but were formerly soft 
(curves 1 in fig A), from nowadays acidified and formerly very soft waters (curves 2 in fig B), from 
nowadays acidified and formerly soft waters (curves 3 in fig B). 
to a decline and subsequent loss of isoetid-type plants is still lacking (Rorslett 
and Brettum, 1989). Scandinavian waters do not experience the increased inputs 
of ammonia and ammonium received by Dutch waters, where serious acidifica-
tion and nitrogen enrichment resulting from these inputs have induced striking 
vegetation changes (Roelofs, 1983; Roelofs et al., 1984; Schuurkes et al., 1987; 
Arts and Leuven, 1988; Artset al., 1989b). The suppression of a L obelia vegeta-
tion as a result of acidification (La/arek, 1986, 1987), however, indicates that 
changes are also going on in Scandinavian waters. For other countries the im-
portance of acidification as a factor causing loss of isoetids is unknown. 
The present paper demonstrates that Littorella uniflora has declined less 
seriously in the coastal dune area than in inland parts of the Netherlands. The 
result is that at present a considerable part (one third) of all remaining Dutch 
Littorella uniflora sites is situated in the coastal dunes. The protection of these 
sites in nature reserves and the absence of any inlet of nutrient-enriched surface 
water in these pools have prevented their destruction and eutrophication, 
respectively. Acidification of dune slacks hardly occurs as a positive conse-
quence of their relatively high buffering capacity and a relatively low at-
mospheric deposition of nitrogen compounds (Houdijk and Roelofs, 1988). 
Besides, management activities in most of these waters, such as the periodic 
removal of vegetation and in some cases also of the upper organic layer of the 
soil, retard the terrestnalization (succession towards land) (Westhoff, 1947) and 
seem to be necessary to maintain suitable sites for Littorella uniflora. Under the 
conditions described, duneslacks are nowadays an important refuge for Lit-
torella uniflora. 
In the Netherlands hydrologically isolated, very soft waters do not exist any 
more. If not reclaimed, they are mostly acidified. Nowadays the soft-water 
biotope mainly includes moorland pools fed by water inlet, man-made and non-
hydrologically isolated lakes, ponds, dune slacks, ditches and canals. 
The historical data presented here (fig. 6) illustrate that in the first half of this 
century man-made eutrophication caused a deterioration of soft-water vegeta-
tion types. Meanwhile, acidification was already affecting those soft waters 
which did not receive nutrient-enriched surface water. The first sign was loss of 
alkalinity (fig. 5). Only since 1925 the effects became visible in the soft water 
systems themselves, followed by loss of characteristic species and an increase in 
the number of affected systems since 1940. The phenomena were first observed 
in the very soft waters. Old chemical data also support the statement that very 
soft waters acidified before soft waters did. 
The historical analysis shows that the rapid disappearance of Lobelia dort-
manna from acidifying and eutrophicating waters has preceded the loss of Lit-
torella uniflora from those sites. This phenomenon may be explained by a 
number of physiological characteristics of Littorella uniflora, which make this 
species a better and more competitive stress-tolerator than Lobelia dortmanna 
(Farmer and Spence, 1986). Unlike Littorella uniflora, which can tolerate lower 
light levels by photosynthetic adaptation (Sondergaard, unpublished data 
quoted in Farmer and Spence (1986)), Lobelia dortmanna shows no shade-
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adaptation (Farmer, 1987). Hence epiphyte coverings and attached algae, whose 
competitive effect is likely to be the most important factor in progressively 
eutrophicating (Macan, 1977; Phillips et al., 1978; Sand-Jensen and 
Sondergaard, 1981) and acidifying (Geelen and Leuven, 1986) lakes, may be 
more deleterious to the latter species. In acidifying lakes reduced growth of 
Lobelia dortmanna (Grahn, 1986) and decreased seedling recruitment (Lazarek, 
1987) due to shading and physical suppression of the benthic mat contribute to 
a reduced Lobelia population. The ecological amplitude of Liliorella uniflora is 
also wider. The ability to produce a terrestrial form enables this species to sur-
vive in the shallow littoral zone of water bodies as alkalinity and nutrient load 
increase. Although a terrestrial form of Lobelia dortmanna has been described 
(Farmer, 1987), Littorella uniflora is undoubtedly more amphibious. The 
greater competitive power of Littorella uniflora is evident from its more rapid 
growth rate under the same conditions (Farmer and Spence, 1986) and its ability 
to colonize areas rapidly by vegetative means. 
CONCLUSIONS 
- In the Netherlands the number of sites characterized by ¡soetids and other 
soft-water species has decreased considerably during this century. 
- Nowadays duneslacks are an important refuge for Littorella uniflora in the 
Netherlands. 
- Acidification is quantitatively important in the decline of inland isoetid sites. 
- In the Netherlands acidification of sensitive waters, recorded as alkalinity 
loss, has started around 1900. 
- Eutrophication affected soft waters early in this century, while the effects of 
acidification have become manifest only later. 
- Very soft waters acidified before soft waters did. 
- Acidification and eutrophication of waters have so far had a more detrimental 
impact on Lobelia dortmanna than on Littorella uniflora. 
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Zusammenfassung 
Die amphibisch lebenden Llttorelletalia-Gesellschaf ten haben ihren 
Schwerpunkt im atlantisch betonten Bereich Europas. In den Niederlanden 
finden diese konkurrenzschwachen Gesellschaften eine ökologische Nische in 
meist kleinen, flachen, bikarbonatarmen und nährstoffarmen Gewässern. Sie 
siedeln vorzugsweise auf sandigen Böden in zentralen, südlichen und 
östlichen Teilen des Landes, so wie in den Dünen. Diese ökologischen 
Bedingungen machen sie gegenüber Wasser- und Luftverunreiningung besonders 
anfällig. Seit dem Anfang dieses Jahrhunderts ist das Areal der 
Strandlinggesellschaften in den Niederlanden denn auch stark zurückgegangen 
durch Kultivierung, Eutrophierung und Versauerung. 
In dieser Arbeit wird versucht die Wechselwirkung zwischen anthropogener 
Aktivität und beobachteten Veränderungen zu analysieren. Die wichtigsten 
Fragen waren: Wo und unter welchen menschlichen Einflüssen sind die 
Gesellschaften entstanden? Welche Faktoren haben sich geändert und mit 
welcher Konsequenz? Gibt es Möglichkeiten diese stark gefährdeten 
Phytozönosen auch heutzutage zu erhalten? Das Vorkommen von 
Llttorelletalia-Gesellschaften in Naturschutzgebieten gewährleistet noch 
keineswegs die Erhaltung dieser Gesellschaften. Zur Zeit, besonders wegen 
den ökologischen Folgen des sauren Regens, sind aktive Schutzmassnahmen 
erforderlich. 
Introduction 
In the atlantic and sub-atlantic parts of central Western Europe well-
developed Littorelletalia-communities can be found (Schoof-van Pelt, 1973; 
Dierssen, 1975; Schaminée et al., 1988). In The Netherlands these 
communities occur in small, shallow waters, which are all situated 
scattered over the sandy soils in the eastern, central and southern parts 
of the country and in the coastal dune area. Table 1 presents the range of 
physico-chemical characteristics in most of these waters. The water layer 
can be characterized as clear, slightly acid to circumneutral, poorly 
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buffered (soft) and oligotrophic. Normally nitrate is the dominant nitrogen 
compound. The sediment is usually sandy and aerobic and may be richer in 
nutrients than the superposed water layer. The water levels are fluctuating 
and the waters can dry up in summer. The Littorelletalia-species are 
adapted to these extreme circumstances, other water plants cannot survive 
in. They are unproductive and show low competitive ability. As a 
consequence of their hydrological and physico-chemical characteristics the 
described soft waters are very sensitive to water and air pollution. 
Table i. Some important physico-chemical characteristics of the water layer 
of sites with Littorelletalia-communities. 
pH 5 - 7.5 РОД3- (μιηοΐ.!-1)* < 0.5 
alkalinity (meq.l-1) 0.2 - 1.5 NO3" (μπιοΐ.ΐ"1)* < 10 
one of these conditions (Often phosphorus concentrations are below the 
presented value). 
Since the beginning of this century a dramatic decline in the occurrence 
of these communities has taken place (Schoof-van Pelt, 1973; Westhoff, 
1978; Dierssen, 1981; Roelofs, 1983; Arts, 1988). During a recent study 
including hundreds of sites the causes for this deterioration were outlined 
and evaluated (Arts, 1988). A true reconstruction of the history of those 
sites is not possible without taking notice of management and land use in 
past and present times. The present paper discusses the interaction between 
human impact and observed changes. It presents an overall picture of past 
and present anthropogenic influences in soft waters, which were or are 
characterized by Littorelletalia-communities. 
Origin 
Biotope creation 
In The Netherlands the "natural" biotopes of Littorelletalia-communities 
mainly consist of moorland pools and wet dune slacks. Such sites developed 
on nutrient- and usually calcium-poor Pleistocene and Holocene deposits by 
aeolic action (i.e. formed by wind erosion or damming of stream valleys by 
sandy deposits) and subsequent water stagnation. Only few waters are of 
glacial origin. Wind action on a large scale was only possible after 
exploitation by man of the forests and heathlands (resulting from 
overexploitation of forests) in the Late Middle Ages. 
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Moreover, on the sandy soils man has created suitable biotopes for 
economic reasons to meet the demand for fuel, cover and manure (sods), sand 
and for drainaged agricultural areas. They include: 
- sod-cut patches in moorland 
- lakes, where peat has been cut down to the sandy sediment 
- lakes, originating from sand excavation 
- ditches and canals 
Regional differences in the arising of soft waters are obvious (Table 2). 
They mainly depend on the extent of peat growth controlled by geological 
conditions and climate. Peat digging occurred in Drente until the second 
half of this century. Because waters in this region have mainly been 
created in this way, they are younger than most waters in the other 
regions. The latter group was already present on the oldest topographical 
maps dating from the first half of the nineteenth century (1837 and 1840). 
The biotopes, as considered above, differ in floristic composition 
(Schaminée et al., 1988). For example on bare sandy substrate in moorland, 
communities belonging to the association fMeocharitetum multicaulis Allorge 
ex Tx. 37 (with Littorella uniflora, Eleocharis multicaulis and Deschampsla 
setacea) can be found. In "natural" moorland pools, communities belonging 
to the Isoeto-Lobelietum W. Koch ex Tx. 37 (with Lobelia dortmanna, Isoetes 
lacustrls and Isoetes echinospora) exist: these are completely absent in 
ditches and canals. Here, elements of the Scirpetum flultantls Lemée 37 
(with Sclrpus fluitans), .Eleocharitetum acicularis W. Koch ex Tx. 37 (with 
Eleocharis acicularis) and Pilularietum globuliferae Tx. ex Th. Müll, et 
Görs 60 (with Pilularia globulifera) are present, although these types of 
vegetation also occur in other biotopes, for instance in lakes originating 
from sand excavation. The specific community of dune slacks is the 
Samolo-Littorel-letum Westhoff 43 (with Samolus valerandl and Echlnodorus 
ranunculoldes). 
Land use 
Most far-reaching and common human influences in former times concern the 
hydrology of waters and afforestation of the surroundings with coniferous 
trees, mainly Scots pine (Table 2). At least in the last century and in the 
beginning of this century many waters, which have always been 
hydrologically isolated, became incorporated in a man-made drainage system 
143 
by making them economically useful as fishing water and/or by draining the 
surrounding area for the purpose of planting trees. The latter action 
Table 2. Occurrence (as percentage of waters) of common human activities in 
the past in inland waters nowadays acidified (moorland pools and man-made 
lakes) in three different regions (Α-C) in The Netherlands (A = Drente; В 
« Kempen; С = Oisterwijk and Kampina; Ν - number of acidified waters). 
Fig. 1. Geographical distribution of the 
regions with concentrations of originally 
soft waters. 
Region: A B C 
N: 













































 involved in this study 
involved almost all waters, although the average period of first 
afforestation varied. In region A afforestation took place since 1900. In 
regions В and С it mainly occurred at the end and in the middle of the last 
century, respectively. The use of waters as fish ponds was more common in 
the Province of Noord-Brabant (particularly region B); here the waters 
supplied the need for fish (van Dam, 1987; van Kessel, 1987). They were 
often fertilized or limed. Water-inlet and digging sand have been more 
frequently observed activities in region B. The surrounding areas of some 
waters in Drente were known to be treated with lime, potash and basic slag 
before afforestation. Waters also served for recreational purposes, like 
swimming and skating. Particularly waters in Region С were having this 
function. 
Deterioration 
Since the beginning of this century the dumber of sites with 
Litcorelletalia-communities has immensely decrease'! mainly due to moorland 
reclamation. In addition to this quantitative decline qualitative 
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deterioration resulted in disappearance of characteristic species and in a 
rapid succession to other communities. In small lakes and moorland pools 
acidification and nitrogen enrichment resulting from atmospheric deposition 
are the main causes for deterioration. Such acidified systems are 
characterized by submerged growing Sphagnum-species and Juncus bulbosas. In 
ditches and canals the decline can be mainly attributed to eutrophication 
by nutrient enriched drainage water, leading to luxurious growth of 
pleustophytes, algae and helophytes. Figure 2 summarizes the quantitative 
contribution of the above causes in the observed decline of the number of 
sites of Lobelia dortmanna. Only as a result of specific conservation 
activities (regular removal of the organic top layer) Lobelia dortmanna 
still grows in three sites in The Netherlands (including two acidified 
waters). As compared with the number of 180 small lakes and moorland pools 
with Lobelia dortmanna in the period 1834-1960, only less than 2 % is left. 
Unknown 17% 
Eutrophicated 13% 
Fig. 2. Present 
condition of 180 former 
localities of Lobelia 
dortmanna. The category 
"reclaimed" includes the 




Changes in land use have had also an effect on the observed deterioration. 
Nowadays, many waters, presented in Table 2, are hydrologically isolated 
and they are situated in protected nature reserves, in which direct human 
activities are restricted. However, they remain subjected to atmospheric 
deposition of acidifying and eutrophicating substances. 
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Table 3. Hydrology, management and recreation in waters where Littorella 
uniflora has been found in the period 1983-1986 (N=50). Figures are 
percentages. Waters subjected to several influences are situated between 
the columns concerned. 




contact with groundwater 
regulation of water level 
water inlet (ditch) 
Total 
А В С D Total 
4 2 6 
6 6 2 14 
16 46 6 14 12 52 
2 2 4 8 
10 4 4 2 20 
34 20 6 26 2 12 100Z 
A=No management 
B=Dredging or removal of the organic top layer 
C=Skating, fishing and/or swimming 
D=Mowing, grazing or removal of water plants 
Maintenance 
Present situation 
In the present situation (1983-1986) hydrological conditions, management 
and recreation are important factors in determining the occurrence of 
Littorella uniflora. They are presented in Table 3. In hydrologically 
isolated waters Littorella uniflora can only survive when these are 
semi-permanent (»drying up in summer) or when management or recreation take 
place. Like in the past, the management activities are carried out for 
economic or recreational purposes. Only in some nature reserves mowing, 
grazing and removal of the organic top layer take place in a management 
regime aimed at maintaining a specific type of vegetation. 
It should be noted, that in a number of sites, presented in Table 3, the 
communities are "Basal communities of Littorella uniflora [Littorelletea]", 
in the sense of Kopecky & Hejny (1974). In hydrologically isolated waters 
for example, Littorella uniflora is the only Littorelletalia-species left 




Table 3 illustrates that in the present situation active nature 
management is necessary to maintain Liütorelletalia-communities. In central 
Western Europe the main problem for the maintenance is the high atmospheric 
deposition of acidifying and eutrophicating substances, mainly ammonium 
sulphate. Supply of an adequate amount of buffering substances is necessary 
to balance acidification by atmospheric deposition. Recently, the original 
situation in the eutrophicated, largest moorland pool in The Netherlands, 
the Beuven, has been restored by removal of the mud and most of the reed 
and by controlling the supply of buffering substances with brook water, led 
through a nutrient sink basin (Buskens & Zingstra, 1988). All 
Littorelletalia-species developed again from the seed bank. Even though it 
is possible to limit the input (by water-inlet) of nitrogen, phosphorus and 
carbon, it is impossible to avoid atmospheric pollution with nitrogen 
compounds. Probably, repeated removal of all detritus is therefore 
necessary. 
Discussion and concluding remarks 
The abiotic environment of Littorelletalia-communitles includes a sandy, 
aerobic sediment inundated by a clear, slightly acid to circumneutral, 
poorly buffered, oligotrophic water layer. Unintentionally, man has created 
or maintained these conditions by certain activities. Ditches, streams and 
groundwater could supply the required limited amount of buffering 
substances ((bi)carbonate). Preliminary treatment of catchment areas before 
afforestation may have had the same effect. A bare and sandy sediment could 
be induced directly, for example by digging, or indirectly by swimming. The 
effect of swimming is comparable with the erosion effects caused by wind 
and may keep a part of the submerged sediment almost free from organic 
matter. The ultimate effects of these anthropogenic influences depend on 
their extent. Small-scaled and extensive human influences as existed up to 
the first half of this century proved to be favourable. Slight enrichment 
of the oligotrophic systems turned out to be advantageous, but since human 
impact increased and agriculture intensified non-isolated systems became 
often heavily eutrophicated (see also Arts & Leuven, 1988). 
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Apart from the human factor, in relatively large waters in open areas 
wind action and seasonal changes in water level are important factors in 
maintaining the specific environment for Isoeto-LobelieCum communities in 
particular. According to Dierssen (1975) these are pioneer communities as 
well as "Dauergesellschaften" in their natural biotopes. 
Cultural acidification has only recently been discerned as a main cause 
of the observed changes in many Littorelletalia-communities in temperate 
atlantic and subatlantic areas (Van Dam & Kooyman-van Blokland, 1978; 
Dierssen, 1981; Roelofs, 1983; Roelofs et al., 1984; Den Hartog, 1986; Den 
Hartog & Schuurkes, 1987; Schuurkes, 1987; Leuven, 1988). Until recent 
years, the decline was only attributed to eutrophication, land reclamation 
and drainage (Dierssen, 1972; Schoof-van Pelt, 1973; Pietsch, 1977; 
Westhoff, 1978; Pott, 1982; Wittig, 1982). In central Western Europe the 
main acidifying component is air-borne ammonium sulphate, causing 
acidification as well as nitrogen enrichment of the environment of 
Littorelletalia-communities. Experimental support for the effects of the 
above processes on these communities has been given by Roelofs et al. 
(1984) and Schuurkes (1987). 
Cultural acidification is affected by hydrology and afforestation. The 
relation with the hydrology is clear. Eutrophication (by water-inlet) and 
acidification (by atmospheric deposition) counteract. Man has unwittingly 
controlled the sensitivity of water bodies to acidifying deposition by 
water-inlet and by isolating waters in the course of this century again. 
Although conflicting scientific views exist about the relation between 
afforestation and acidification (Flower et al., 1987), a consensus of the 
published work suggests that afforestation of catchment areas exacerbates 
lake acidification. Afforestation in itself is not a cause of increased 
acidity (Flower et al., 1987). Coniferous woodland is likely to enhance 
acidification by filtering acidifying substances from the atmosphere 
(Roelofs et al., 1985; Grennfelt к Hultberg, 1986). Other effects of 
afforestation include accumulation of organic matter due to prevention of 
erosion by wind action and input of needles, and decreasing water surface 
areas due to evaporation of trees. These effects can be considered 
unfavourable to Littorelletalia-communities. 
The presence of Littorelletalia-communities in nature conservancy areas 
by no means guarantees their protection, when active management is absent 
(Wittig, 1982). Extensive human activity for utilisation purposes was 
148 
originally present in waters containing Littorelletalia-communities. 
Westhoff (1978) and Van Dam (1987) already pointed out that 
Littorelletalia-communities often grow in extensive anthropogenic 
environments. This paper stresses the importance of an active management in 
the present situation. The establishing of new oligotrophic shallow pools 
in suitable habitats, as stressed by Dierssen (1981), is one possibility, 
the restoration of acidified or eutrophicated waters another. 
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ABSTRACT 
Arts, G.H.P. and van der Heijden, R.A.J.M., 1989. Germination ecology о 
Littorella uniflora (L.) Aschers. Aquatic Botany (accepted). 
A pilot experiment was conducted to study the germination of seeds о 
Littorella uniflora (L.) Aschers, in relation to light, temperature 
immersion, pH and (bi)carbonate (alkalinity). In general, germination wa 
very poor (< 13.3 % ) . The best germination was performed in light, on 
moist, water-logged substrate, at a temperature of 20oC and in 
bicarbonate-free environment. In a second experiment it was found tha 
alternation of day and night temperatures and a desiccation pre-treatmen 
of seeds significantly enhanced germination percentages and rates 
Desiccation was the most stimulatory factor. The optimum treatment was 2-
weeks of drying, after which 76 % germination occurred. These experimenta 
results corroborate the success of already applied nature managemen 
activities aimed at restoring or maintaining isoetid vegetations. 
INTRODUCTION 
In the atlantic and subatlantic parts of Western Europe small, roote 
"isoetid" waterplants like Littorella uniflora (L.) Aschers, and Lobeli 
cíortnianna L. were originally conspicuous elements in the many small an 
shallow soft-water pools and lakes. In the second half of this century 
rapid decline occurred in the number of sites inhabited by isoetids (Art 
et al., 1989). Degeneration of the isoetid vegetation could be observed i 
many water bodies. Today the causes for the decline are fairly well know 
and have been described qualitatively and quantitatively (Roelofs, 1983 
Roelofs et al., 1984; Schuurkes, 1987¡ Arts et al., 1989; Arts et al. 
1990b). Cultural acidification was found to be the main cause о 
degeneration of isoetid vegetation types (Arts et al., 1989). 
Active management has proved necessary to maintain or restore Isoetii 
vegetation types nowadays (Arts et al., 1988). For this reason, informatioi 
153 
about the mode of establishment and reproduction of isoetids is urgently 
needed, as knowledge of this is, as yet, very incomplete. With respect to 
seed germination most attention has focussed on Lobelia dorcmanna (Sylvén, 
1903; Muenscher, 1936; Wimmer, 1943; Lazarek, 1987; Szmeja, 1987b). Studies 
on Lit tor ella uniflora so far have provided information on its 
morphological and anatomical structure, including detailed descriptions of 
flowers and fruits, seeds, seed development and germination (Buchenau, 
1859; Fauth, 1903; Eckardt, 1937; Pilger, 1937; Rosen, 1940; Dietrich, 
1971). So far, the germination ecology of Littorella uniflora has not been 
studied. To fill this gap some pilot experiments were undertaken to 
determine which environmental factors are affecting the germination of 
Littorella uniflora seeds. To supplement already existing morphological 
knowledge fruit wall structures and germination stages were documented 
photographically and additional observations were made. 
MATERIALS AND METHODS 
Study site and seed origin 
Seeds were collected in "Het Karregat" (Nuland, The Netherlands), a 
small, shallow, acidified pool. The pool is extremely acid (pH 4.4); the 
water layer has lost all buffering capacity (alkalinity = 0). Nutrients are 
available in limited quantities and especially nitrogen concentrations are 
very low (4 pmol.l"! NH^ "1" and 2.5 μπιοΐ.ΐ"-'· NO3" in the water layer). The 
pool has a sandy sediment poor in carbonates and nutrients. It harbours an 
extensive bed of Lictorella uniflora, of which the land form flowers 
luxuriantly in summer, when the pool runs dry. Littorella uniflora is here 
mainly accompanied by Sphagnum dentlculatum Brid. Lobelia dortmanna has 
been observed in this site in former days, but has disappeared since 1970. 
This may be due to acidification of the site combined with a more frequent 
drying up as a consequence of a lowered groundwater level. 
As Littorella uniflora produces few seeds per individual plant, it was 
impossible to harvest sufficient quantities of one-year-old seeds for 
experiments on a large scale. However, other experimental studies have 
already shown that Littorella uniflora has a persistent seed bank, the 
seeds of which keep their germinative power for decades (Wynhoff, 1988). 
Therefore, the topsoil in the Littorella uniflora bed was sampled randomly 
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for seeds. In the laboratory these were stored at 4°C in the dark until the 
start of the experiments. Although germination can occur after a 
stratification of only one winter (17 Ζ of 60 seeds), one-year-old seeds, 
recognizable because they are still covered by the perianth, were excluded 
from the experiments to ensure sufficient ripening of all seeds tested. 
Experimental studies 
Experiment 1 
Unselected seeds older than one year were obtained from the sediment 
samples and washed with demineralized and twice distilled water. They were 
placed in closed glass dishes in growth chambers and exposed to various 
treatments. The parameters investigated were light, temperature, immersion, 
pH and ( bi)carbonate (alkalinity). Each experiment was carried out in 
triplicate with 25 seeds. In the various treatments a culture medium was 
used with a chemical composition similar to that of non-acidified, 
oligotrophic soft waters inhabited by LltCorella uniflora (Table 1). The 
medium was adjusted to different pH (5.5, 4.0, and 3.0, respectively; 
(bi)carbonate=0 raeq.l"*) and (bi)carbonate values (0.1, 0.5, 1.0 and 2.0 
meq.l--1·, respectively) by adding H2SO4 or ЫаНСОз· One pH series and one 
alkalinity series were used for each experimental variant. The total 
experimental design comprised 56 experimental units (2 light χ 2 
temperature χ 2 immersion χ 7 pH/alkalinity). 





























other trace elements < 5 nmol.l 
To create a moist, water-logged substrate Whatman GF/C filter papers were 
used. They were prewashed with acid to remove any small quantities of 
bicarbonate. These filter papers were kept moist continually, using the 
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selected media. Media were renewed regularly. Illuminated seeds were 
exposed to a photoperiod of 12 hours (163 pEinstein.m" .s-1 ). Observations 
on seeds exposed to the dark treatment were made in green safe-light. 
After 80 days the final percentage of germination under the various 
conditions was calculated. A seed was considered to be germinated when the 
radicle emerged through the flat top of the nut. 
Experiment 2 
Based upon the results of experiment 1 the hypothesis was tested, that 
alternating temperatures and desiccation may enhance germination. For that 
purpose freshly collected seeds were dried over silica gel in a closed 
glass bottle at room temperature. After two, four and ten weeks, 
respectively, 100 seeds (A samples of 25 seeds) were placed in closed glass 
dishes on soaked filter paper. The samples were exposed to a photoperiod of 
12 hours and a temperature shifting from 20.4 ± 0.6 "C in light to 7.8 ± 
0.4 °C in darkness. Four samples of 25 untreated seeds served to test the 
effect of a change in day-night temperature without any desiccation 
pre-treatment. Seeds were considered germinated according to the criterium 
used in experiment 1. After 80 days for each treatment a random sample of 
20 of the seeds which had failed to germinate were tested for viability 
using tetrazolium chloride (Moore, 1973). 
Statistical methods 
Logistic regression was used for statistical evaluation of the results of 
experiment 1. This method fits a logistic model to the data. The 
probability of germination was the dependent variable and light/darkness, 
temperature (18oC/20oC), pH and alkalinity (7 levels) and immersion (2 
levels) were the independent variables. The method also included 
interaction terms between temperature and light and between temperature and 
emerged conditions. Modelling was applied to the pH series and the 
alkalinity series (including alkalinity-0) separately, but an overall model 
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Fig. 1. The base of a Littorella uniflora rosette (terrestrial form) with 
female flowers (f). The outer leaves have been removed. 
Fig. 2. The fruit of Littorella uniflora. r=ridge o=operculum 
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was also fitted to all data. Logistic regression was performed using 
CATMOD/LOGIST procedures from SAS (1985). 
In experiment 2 the effect of only two factors (desiccation and 
alternation of day and night temperatures) was studied. The significance of 
differences in effects between treatments were analysed by means of the 
non-parametrical, pairwise Wilcoxon test. 
RESULTS 
Reproductive morphology 
The fruits of Littorella uniflora arise in the female flowers, which grow 
at the base of the monoecious plant and are protected by the sheath-shaped 
basal parts of the outer leaves (Fig. 1). Fruits are produced in small 
quantities, with a maximum of about 20 per plant per year. The fruit is a 
yellow-brown to auburn, minute (1.5-2 mm), indéhiscent, one-seeded nut 
(Fig. 2). The rough, dimply pericarp provides a solid cover for the ripe 
seed. The fruit shell has two prominent ridges. The thin perianth, from 
which the remaining style projects, may envelop the fruit at least during 
part of the first year. The top of the fruit is closed with an operculum, 
which is sunk in the shell (Fig. 2). The various germination stages are 
shown in Fig. 3. The hypocotyl elongates, which results in the radicle 
pushing off the operculum (Fig. ЗА). The cotyledons are leaf-like, linear 
and opposite. When just freed from the shell, they are bent (Fig. 3B). 
Sometimes the empty shell can be found on the top of one of the leaves 
(Fig. 3C). The first leaves are morphologically similar to the cotyledons, 
but have a spiral arrangement (Fig. 3D). In older seedlings the root system 
develops by the formation of lateral roots from the radicle and the 
development of adventitious roots at first from the hypocotyl, but from the 
stem later. At the same time the number of leaves increases (Fig. 3E). 
Vegetative reproduction occurs by means of creeping stolons, which 
develop leaf rosettes (Fig. 4); they arise in some of the axils of outer 
leaves. Vegetative and generative reproduction can occur in one plant. The 
stem is very short. It bears a rosette of fresh green leaves on the top, 
below which it may be partly covered with decaying leaves. Ring-shaped 
scars of dead leaves are present on the surface of the lower part. 
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f ISmrn 
Fig. 3. Various stages in germination: germinating seed (A); four-day-old 
seedling with the two cotyledons, freed from shell (B) ; seedlings of 
progressively increasing ages (C, D and E). Seedling С is 14-20 days old. 
f=fruit c=cotyledon h=hypocotyl p=primary root l=lateral root 
l,2,3=first leaves 
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Fig. 4. A Littorella uniflora plant bearing a runner (r) with a new sprout. 
Kote the stem (s) of the parent plant and the unripe fruit (f) at the base. 
Seed germination 
Experiment 1 
Seeds started to germinate between the 3rd and the 40th day of the 
experiment, but there were great differences. Generally, percentages of 
seeds germinating were very low, varying between 0 and 13.3 %. 
The factors and their interactions which have a significant positive 
effect on germination are presented in Table 2. Light can be considered the 
most important factor. It was significant in all three models tested. 
Germination in darkness is almost negligible (at most 42, usually 0-1%). In 
the pH series the effect of light was not the same for each temperature. 
Differences in germination percentages between dark and light conditions 
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were greatest at 20°C. The overall model shows that emerged moist 
conditions (no standing water) and a higher temperature (20°C) were also 
favourable for germination. In the pH series no differences in germination 
could be demonstrated among the various pH conditions. Likewise, 
differences in alkalinity had no effect. However, comparing the pH series 
with the alkalinity series, germination in the former group was generally 
higher. 
TABLE 2. Probability levels of logistic regression in three different 
models. In the models the probability for germination (dependent variable) 
is explained from light/darkness, temperature, pH/alkalinity, emersion and 







temp, χ light 





























NS=not significant (p > 0.05) 
significance-levels * : 0.01 < ρ £ 0.05 
**: 0.001 ί ρ < 0.01 
***: ρ < 0.001 
the constant in the linear model 
Highest germination percentages (12.0-13.3 Z) were achieved under 
conditions of 20oC and light in a moist, (bi)carbonate-free environment. 
.Experiment 2 
Fig. 5 shows the effects of temperature shifts and desiccation on the 
progress of germination under conditions which had been demonstrated by 
experiment 1 to be most optimal for germination, viz. a moist and 
(bi)carbonate-free environment and alternating light-dark conditions. A 
cross table (Table 3) shows whether observed differences between treatments 
were significant. The course of germination of untreated seeds at constant 
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Fig. 5. Course of germination under alternating day and night temperatures 
after exposure of seeds to various periods of desiccation. Numbers are mean 
values of 4 samples of 25 seeds. Control samples were not exposed to a 
desiccation pre-treatment. The course of germination of untreated seeds at 
constant temperature (20 °C) was derived from experiment 1. Significance of 
the effects of the various treatments is shown in Table 3. 
It was found that alternating day and night temperatures significantly 
enhanced germination compared to a constant ambient temperature of 20oC. A 
desiccation pre-treatment, however, was much more effective in stimulating 
germination, and significantly increased final percentages up to 76 Z. Of 
the seeds not germinated a small percentage was empty, while the others 
were still viable according to the tetrazolium test. Desiccation 
pre-treatment not only affected the final number of seeds germinated, but 
also influenced germination rates by causing a rapid and nearly synchronous 
germination of seeds within a rather short period (Fig. 5). This was the 
period between the 9t'1 and the ЗО"1 day after desiccated seeds were brought 
under conditions favourable for germination. A desiccation treatment of 2 
162 
TABLE 3. Cross table presenting significant differences in germination 
results under conditions of alternating day and night temperatures after 
various desiccation pre-treatments. A. Differences at 35^ day of 













































 Germination test at constant temperature (20oC). 
* 0.01=Ξρ<0.05; ** 0.001sp<0.01; ***p<0.001. 
NS=not significant (p > 0.05) 
weeks seemed to be most favourable (Fig. 5), although the differences 
between effects after 2 and 4 weeks were not significant. Drying the seeds 
for 10 weeks was too long, as it caused a delayed and significantly reduced 
germination compared to drying for only 2 or 4 weeks. 
DISCUSSION 
For this study seeds older than one year were collected at random from 
the seed bank. This paper shows that germination of this ripe seed was 
poor, even under favourable conditions (20°C, light, moist substrate), 
unless seeds were desiccated and exposed to alternating temperatures. It 
seems that alternating day and night temperatures promote germination. This 
is consistent with the strategy of many wetland species, which have 
fluctuating temperature requirements for germination (Thompson et al., 
1977; Galinato and van der Valk, 1986). However, exposure to desiccation, 
which causes a disruption between operculum and the remaining shell, is 
necessary to achieve high germination percentages of Littorella uniflora 
seeds. This suggests that the pericarp acts as a barrier to germination and 
influences dormancy. This has also been found for other aquatic macrophytes 
(van Wijk, 1989). 
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In the field situation the optimum conditions for germination, as found 
experimentally, appear when the water table recedes in spring and seeds at 
the soil surface become exposed to increased daily temperatures and light. 
Under these conditions the extent of progressive desiccation and subsequent 
availability of moisture determines the germination conditions of 
Littorella uniflora seeds. Man can favour germination success by removal of 
the organic top layer in littoral parts of pools and lakes. In this way 
buried seeds become uncovered and a bare and sandy sediment suitable for 
the growth of isoetid plants becomes available. This has successfully been 
applied in nature management to cause the re-establishment of an isoetid 
vegetation (Arts et al., 1988). It has also proved to be successful in 
acidified waters, a fact which is supported by the results of this study. 
The experiments indicate that acid conditions do not limit the 
germination of Littorella uniflora seeds. This is in agreement with the 
ability of the species to survive in acidified waters (Arts et al., 1990a). 
In most cases, however, faster growing species like Juncus bulbosus L. 
forma fluitans (Lam.) Fr. and Sphagnum overgrow Littorella uniflora. 
Progressive covering by a benthic microbial mat and detritus may also 
contribute to an elimination of mature plants and prevent recruitment from 
the seed bank by seed germination and seedling establishment. 
Littorella uniflora has the ability to colonize areas rapidly by means of 
a prolific production of runners. These develop young sprouts, which become 
independent individuals in the population (Buchenau, 1859). Once settled, 
reproduction mainly occurs via this vegetative spread. However, the balance 
of vegetative and generative reproduction in a population needs a further 
quantitative exploration. Population studies of another isoetid plant, 
Lobelia dortmanna, have shown that only 2 Ζ of the annual net population 
increase was due to sexual reproduction (Szmeja, 1987b), notwithstanding 
the high production of seeds (200-350 per individual) with a very high 
germination capacity (Table 4). Like Littorella uniflora this aquatic 
macrophyte has a persistent seed bank. Seeds have been found to retain 
their germinative power after 30 years (Wynhoff, 1988). Only Lobelia 
dortmanna individuals that have completed a sexual reproductive cycle show 
vegetative reproduction (Szmeja, 1987b). Thus while flowering controls the 
vegetative reproduction of Lobelia dortmanna (Moeller, 1978; Szmeja, 1987b) 
(Table 4), the two are not interdependent in the case of Littorella 
uniflora. The reproductive strategy of Littorella uniflora is clearly 
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TABLE 4. Comparison betveen the reproductive strategy of Littorella 
uniflora and Lobelia dortmanna. Data taken from Moeller (1978), Farmer and 
Spence (1987), Szmeja (1987a,b) and this study. 
Littorella uniflora Lobelia dortmanna 
vegetative rapidly by means of only by individuals 
reproduction runners which have 
reproduced sexually 
generative only when mature mature plants growing 
reproduction plants are exposed above a certain maximum 
to air water depth 
(reproductive zone) 
seed production low (4-20 seeds) high (200-350 seeds) 
per individual 
germination high under specific high under submerged 
capacity emerged conditions conditions 
seedbank persistent persistent 
exceeding a certain number of leaves 
adapted to amphibious conditions, whereas Lobelia dortmanna can be 
considered a fully aquatic plant. Lobelia dortmanna does not require diel 
temperature fluctuations (Farmer and Spence, 1987). Desiccation of seeds 
probably reduces germination success, although existing evidence is 
contradictory (Muenscher, 1936; Wimmer, 1943; Farmer and Spence, 1987; 
Lazarek, 1987; Szmeja, 1987b). While Littorella uniflora has developed a 
strategy of limited seed production and specific germination requirements, 
Lobelia dortmanna produces many seeds which germinate easily (Table 4). It 
is clear that the first strategy can not guarantee the yearly survival of a 
population. The strategy of Lobelia dortmanna is not successful either, 
because the seedling stage rather than seed germination in itself is the 
critical and most susceptible phase (Farmer and Spence, 1987; Lazarek, 
1987). For both isoetids the main function of the seeds is probably the 
dispersal and establishment of the species in new localities, while the 
production of a persistent seed bank guarantees their long-term survival. 
CONCLUSIONS 
- Light is necessary for germination of Littorella uniflora. 
- Acid conditions do not limit its germination. 
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A high germination response requires alternating day and night 
temperatures and moist conditions, preceded by a 2-4 weeks period of 
desiccation. 
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Introduction 
In the present thesis, soft-water and acid-water macrophyte species have 
been distinguished, which can be used as indicator species for water 
quality (Chapters 3 and A). This bioindicator system has been applied to 
infer 20 century abiotic changes and processes which have occurred in 
atlantic soft and very soft waters (Chapter 6). Factors and processes 
underlying the overall decline of Dutch soft waters, the quantitative 
importance of these factors and processes and their historical development 
have been deduced (Chapter 7). The impact of land use and management upon 
the observed changes is discussed (Chapter 8). Fig. 1 shows a schematic 
presentation of the setup of the present study. This final Chapter 
evaluates the main results, considers them in an international context and 
discusses general implications for nature management. 
Aquatic macrophytes as bioindicators 
The Dutch soft-water flora comprises a considerable number of aquatic 
macrophyte species. The composition of this flora is rather unique, as a 
result of the very restricted biogeographical distribution of some of its 
components and the overlap between the distribution areas of boreal and 
atlantic species in the Netherlands (Chapter 2). 
Chapters 3 and 4 provide information on respectively the physico-chemical 
habitat of aquatic bryophyte species and soft-water macrophyte species, and 
demonstrate that they can be used as indicator species for water quality. 
In Chapter 3 it is shown that aquatic bryophyte species discriminate 
between acid and neutral waters; the boundary between the distributions of 
submerged acid-water and neutral-water bryophytes is very sharp (pH 5.9). 
Based on the acid-water bryophytes, a further subdivision of acidified 
waters can be made. In the most acid waters, with low ionic concentrations 
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Consequences for nature management 
FIG. 1. Diagram presenting the setup of the study. 
and n u t r i e n t l e v e l s . Sphagnum cuspldatum Ehr. ex Hoffm. forms a 
monospecif ic v e g e t a t i o n . Waters c h a r a c t e r i z e d by the occurrence of 
Drepanocladus f lu i t ane (Hedw.) Warnst, and Sphagnum dentlculatum Brid. and 
by the almost complete absence of Sphagnum cuspldatum are l ess acid and 
have higher ionic and nu t r i en t concentrations. Sphagnum dentlculatum has 
the widest range with respect to the chemical composition of the water. 
This species forms monospecific mats in weakly acid waters with r e l a t i ve ly 
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high calcium contents. Since aquatic vascular plant species are lacking in 
acidified waters, or occur in low numbers, aquatic bryophyte species are 
very useful as indicator species in these systems. 
Soft-water macrophyte species were classified into two ecological groups, 
which differ in their tolerance to acid conditions (Chapter 4). The first 
group includes intolerant species, which disappear below a distinct minimum 
pH level of the water (pH 5 - 6 ) . The other group comprises acid-tolerant 
species, which can, at least temporarily, survive under extremely acid 
conditions (pH < 5). 
If pH falls below pH 5, intolerant soft-water macrophyte species have 
vanished, while submerged acid-water bryophytes appear or have already 
appeared. With the help of these two indicator groups, acidification of 
soft waters can be assessed and the historical development of this process 
can be described. 
The distribution of other groups of aquatic biota shows similar sharp pH 
limits. Most fish species disappear below pH 5 (Leuven and Oyen, 1987) and 
only a few Hirudinea species tolerate such pH values (Van der Velde and 
Higler, 1988). Mollusca and Malacostraca are usually also absent from 
extremely acid waters (Leuven, 1988). Both direct and indirect effects can 
affect the observed species distribution patterns. Direct effects include 
increased proton and toxic metal concentrations, while indirect effects 
comprise changes in food supply, community structure and competition. The 
absence of submerged Sphagnum species in waters with pH values exceeding 
5.9 can be explained by their inability to grow immersed in water 
containing bicarbonate (Chapter 3). Like submerged Sphagnum species, the 
diatom Eunotla exigua (De Brébisson) Rabenhorst also seems to have an upper 
pH limit of about 6 (Ter Braak and Van Dam, 1989). The aquatic biota listed 
above can be used as indicator organisms for assessing the acidification of 
soft-water systems. 
To describe the historical process of acidification in a few soft-water 
systems in the Netherlands, chironomids (Klink, 1986), diatoms (Van Dam, 
1987) and cladocerans (Van Dam et al., 1988) have been used. The observed 
shifts in species spectra indicate a rapid acidification of the 
investigated systems since the first decades of this century. The results 
are consistent with those obtained from data on aquatic macrophyte species 
(Chapters 6 and 7). 
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Changes in aquatic macrophyte species composition due to acidification 
Many species of aquatic biota are affected by acidification resulting in 
a serious biological impoverishment (Haines, 1981; Evans, 1984; Mierle et 
al., 1986; Schindler et al., 1989). The impact on aquatic macrophytes, 
however, has not been very clear so far, judging by the absence of this 
topic in most review papers. 
In the Netherlands, acidification of soft waters has resulted in a 
decline and loss of characteristic soft-water macrophyte species, in their 
replacement by submerged Sphagnum species and in an expansion of the 
aquatic phaenotype (forma fluitans) of Juncus bulbosas L. (Chapters 3,4,5 
and 6). Luxurious growth of the latter species in acidifying waters has 
been reported from Norway by Nilssen (1980) and from Sweden by Morling et 
al. (1985). However, an expansion of this species may also be related to 
changes in hydrology due to hydropower development (Rorslett, 1988). 
Establishment and increase of submerged Sphagnum species in acidified lakes 
has been reported from Sweden by Grahn et al. (1974) and Grahn (1977), from 
Norway by Vöge (1989), from the United States by Hendrey and Vertucci 
(1980) and from Scotland by Raven (1988). Sphagnum has been recorded in 
some other acidified North American lakes (Singer et al., 1983; Roberts et 
al., 1985), but its predominance in acidified lakes is apparently not a 
general phenomenon (Kenttämies et al., 1985; Hunter et al., 1986; Rorslett 
and Brettum, 1989). In those studies in which an increased abundance of 
Sphagnum, or its recent invasion, could be proved in areas outside the 
Netherlands, a concomitant loss of soft-water macrophytes was not observed, 
although negative effects of Sphagnum overgrowing and smothering isoetid 
plants were noticed (Grahn, 1977; Vöge, 1989). 
It seems that up to now the most dramatic changes in soft-water aquatic 
macrophyte assemblages have become manifest in the Netherlands. They are 
caused by a combination of extreme acidification and nitrogen-enrichment 
due to very high atmospheric inputs of ammonia and ammonium. Experimental 
evidence for this has been given by Schuurkes et al. (1987). They proved 
that the addition of ammonium sulphate exceeding 19.4 kg.ha" .year"! jj
 t o 
artificial soft-water pools during 22 months brought about vegetation 
changes similar to those observed in the field. Historical information 
supporting the relation between changes in macrophyte assemblages and 
excess nitrogen deposition is provided by this thesis. A striking 
similarity has been found between the historical development of 
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acidification of sensitive waters and the increase in the deposition of 
ammonia and derived compounds in the Netherlands (Fig. 2). The deposition 
of these components is caused by ammonia emissions from livestock 
industries, which have shown a continuous expansion since 1950. The 
shallowness of Dutch soft-water systems has probably accelerated the 
acidification process. In the other areas mentioned acidification mainly 
results from direct deposition of sulphuric and nitric acids, while 
concomitant enrichment by ammonium compounds is of minor importance. 
Consequently, succession may proceed slowly and may be qualitatively 
different from that observed in the West European lowland. However, recent 
studies have demonstrated that ammonia and derived compounds are 
atmospheric pollutants of international importance (Buijsman et al., 1987). 
This implies that these compounds will affect or are already affecting 
soft-water systems elsewhere on a large scale, their deposition becoming a 
global environmental problem. 
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FIG. 2. Total deposition of NHX in the Netherlands since 1870, based on 
emission data (Buijsman, 1986). The calculation method is outlined in Arts 
(1987). 
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In the Netherlands the excessive growth of acid-water macrophytes 
(Sphagnum cuspidatum, Sphagnum denticulatum, Drepanocladus fluitane and 
Juncus bulbosas) in acidified systems seems to be a transient phenomenon. 
Ultimately, succession may result in the total disappearance of all 
submerged macrophytes. In Chapter 6 it has been demonstrated that in such 
acidified waters turbidity has increased and the sediment has become highly 
organic. As a result of a number of physiological adaptations, which are 
discussed in detail in Chapter 6, the nymphaeids Nymphaea alba L. and 
Nuphar lutea (L.) Sm. are the only macrophytes which can survive under 
these adverse conditions. 
It must be concluded that in the West European lowland the major effect 
of acidifying deposition on aquatic macrophytes is the reduction of the 
species diversity in ecosystems. 
Differential responses of soft-water macrophyte species to acidification 
Most isoetid species, such as Littorella uniflora (L.) Aschers., Lobelia 
dortmanna L. , Isoetes lacustris L. and Luronium natans (L.) Raf., are 
tolerant to acid conditions (Chapter 4). Intolerant isoetids are Isoetes 
echinospora Durieu and Eleocharis acicular is (L.) Roemer & Schultes. 
Littorella uniflora. Lobelia dortmanna and Isoetes lacustris are also known 
to grow in acid lakes outside the Netherlands (Liibben, 1973; Pietsch, 1977; 
Nilssen, 1980; Hitchin et al., 1984; Roberts et al., 1985; Catling et al., 
1986; France and Stokes, 1988; Jackson and Charles, 1988; Rorslett and 
Brettum, 1989; Vöge, 1989). However, a high tolerance to acid conditions 
cannot prevent the ultimate extinction of such species in acidified systems 
in the West European lowland. Indeed, acidification is an important cause 
of the extinction of isoetid species in many Dutch soft waters (Chapter 7). 
The restricted success of isoetids in acidified aquatic systems must at 
least in part be attributed to competition with more rapidly growing and 
competitive species, such as submerged Sphagnum species and Juncus 
bulbosus. These acid-tolerant and nitrophilous species profit from the 
higher carbon dioxide levels and increased availability of ammonium in 
these systems (Roelofs et al., 1984; Wetzel et al., 1984; Grahn, 1986; 
Schuurkes et al., 1986, 1987). In addition, progressive covering by benthic 
filamentous and epiphytic algae and a gradual accumulation of coarse 
organic material may trigger physiological changes in mature plants and 
also contribute to their elimination. Reproduction may be disturbed, growth 
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may be retarded and remarkable deformations and growth anomalies occur 
(Vöge, 1989). Benthic mats and epiphytic cover may also prevent recruitment 
from the seed bank (Lazarek, 1986; 1987). Littorella uniflora thrives in 
those acidified water bodies that run completely dry every summer. 
Desiccation of water bodies has an adverse effect upon the Sphagnum mat and 
stimulates the mineralization of accumulated organic detritus. This gives a 
competitive advantage to Littorella uniflora and favours its survival. The 
species adapts itself to emergent circumstances by developing a terrestrial 
form. Thus acid conditions per se do not seem to be harmful to Littorella 
uniflora. This is in agreement with its ability to germinate in acid water 
(Chapter 9). 
Unlike Littorella uniflora, Lobelia dortmanna does not have any mechanism 
for physiological adaptation (Chapter 7). As a consequence, the changed 
biotic and abiotic conditions resulting from acidification are expected to 
be more deleterious to the latter species. This could be proved by a 
historical analysis (Chapter 7): the disappearance of Lobelia dortmanna 
from acidifying waters preceded the extinction of Littorella uniflora at 
those sites. 
The tolerance of Littorella uniflora, Lobella dortmanna and Isoetes 
lacustris to acid conditions may at least in part explain "the missing 
evidence that acidification of Scandinavian waters leads to a decline and 
subsequent loss of isoetid-type plants" (Rorslett and Brettum, 1989). As a 
result of this tolerance, these isoetids may persist in acidified waters 
not influenced by excessive atmospheric ammonium inputs. If such lakes 
predominantly support acid-tolerant isoetid species, changes in vegetation 
as a result of acidification may be inconspicuous. 
Dutch soft waters and their decline. 
In the Netherlands two distinct soft-water types could be distinguished, 
viz. "very soft" and "soft" waters (Chapters 4 and 6). The distinction 
between the two types is based on the occurrence of two ecological groups 
of soft-water macrophytes differing in their tolerance to acid conditions 
(Chapter A). The group of "very soft" waters was only inhabited by species 
tolerant to acid conditions. These waters were characterized by a 
vegetation of mainly isoetid-type water plants, poor in species, and had a 
very low alkalinity (s 1 meq.l"1). The other group of waters supported both 
tolerant and intolerant species and was richer in species. Old chemical 
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data, which are presented in Chapter 7, indicate that these "soft" waters 
had a higher acid-neutralizing capacity (alkalinity up to 2 meq.l"1). 
Comparison of the present aquatic vegetation in 146 formerly soft and 
very soft waters with data from the period 1900-1960 revealed striking 
changes in macrophyte assemblages (Chapter 6). Soft-water macrophytes had 
been partially or completely replaced by acid-water macrophytes, hard-water 
macrophytes or macrophytes from alkaline, eutrophic waters (Chapter 6). In 
a number of water bodies only the nymphaeids Nymphaea alba and/or Nuphar 
lutea had survived, while other aquatic macrophytes had vanished 
completely. Physico-chemical data demonstrated that the observed vegetation 
changes were accompanied by an increase in the nutrient content of the 
water column (Ν, Ρ and/or C) and, in most cases, an accumulation of organic 
material in the sediment. 
There were clear differences in historical developments between soft 
waters on the one hand and very soft waters on the other (Chapter 6). Soft 
waters have changed under the influence of acidification, eutrophication or 
water hardening (alkalinisation). Sometimes they are still characterized by 
an, often impoverished, soft-water vegetation. In the least buffered, very 
soft waters eutrophication and alkalinisation could not be established. The 
fact that some inland soft waters were originally very soft suggests that 
eutrophication of very soft waters proceeds via a transitional "soft-water 
stage". Hence, an external supply of nutrients at first causes an increase 
in species richness, particularly of soft-water species intolerant to acid 
conditions. A similar succession has been observed elsewhere (Miller and 
Dale, 1979). The very soft waters which did not develop into soft water, 
acidified. Their disappearance in the Netherlands has been caused to a 
considerable extent by anthropogenic acidification. Very soft waters 
acidified before soft waters did, a fact which was supported by old 
chemical data. 
The number of sites in the Netherlands characterized by isoetids and 
other soft-water species has decreased substantially in the course of this 
century, particularly since 1950 (Chapter 7). The occurrence of the 
isoetids LittoreJla uniflora, Lobelia dortmanna, Isoetes lacuscris and 
Isoetes echlnospora after the end of the previous century has been studied 
in detail, revealing a total decline of 91 Ζ for sites supporting at least 
one of the four isoetid species. The major part of this decline can be 
attributed to reclamation and acidification. A similar decline of sites has 
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been observed in two other West European countries, viz. F.R. Germany and 
G.D.R. (Lubben, 1973; H. Vahle and J. Duty, personal communication). In the 
first country anthropogenic acidification is known to play a role 
(Dierssen, 1981). 
It was pointed out that early in this century the degradation of 
soft-water vegetation types was apparently due to man-made eutrophication 
(Chapter 7). Meanwhile, acidification was already causing an alkalinity 
loss in sensitive waters, i.e. isolated waters which did not receive 
nutrient-enriched and buffered surface water. It is only since 1925 that 
the effects of acidification have become visible in sensitive soft-water 
systems, followed by a loss of characteristic soft-water species. Since 
19АО an increase in the number of affected systems was observed. This 
increasing number of acidified waters coincided with an exponential rise in 
acid and nitrogen deposition (Fig. 2). 
Interaction between changes observed and human activities in soft waters. 
Management and use of soft and very soft waters in the Netherlands since 
about 1850 was considered in Chapter 8. In the 19 century and the 
beginning of this century human activities in these waters (Table 1) were a 
very common phenomenon. They were carried out for economic reasons and 
utilization purposes. Hydrological measures and afforestation of the 
immediate surroundings of water bodies became widespread. They have had, 
directly or indirectly, far-reaching consequences for these aquatic 
systems, as they have contributed to their acidification and 
eutrophication. 
The hydrology of many isolated waters was considerably changed by their 
incorporation into a network of ditches and streams. This served to make 
the waters economically useful as fish pond and/or to drain the surrounding 
area for the purpose of planting trees, predominantly Plnus sylvestris L. 
In addition, utilisation of waters for swimming or skating often 
necessitated periodic water inlet. The hydrology was found to be an 
important factor controlling susceptibility of soft waters to 
acidification. This was clearly shown by the results of the present study, 
which demonstrate that all hydrologically isolated, formerly soft or very 
soft waters are acidified today (Chapters 5 and 7). Letting in water 
implies the supply of buffering substances, which counteract anthropogenic 
acidification by atmospheric deposition. Man has unwittingly prevented or 
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retarded acidification of water bodies by creating water inlets. However, 
by renewed hydrological isolation of waters man has also promoted 
acidification. Slight input of nutrients into oligotrophic systems was 
advantageous, resulting in an increased richness in soft-water species 
(Chapter 6). Since agriculture was intensified, the supply of nutrients by 
streams and ditches increased and non-isolated systems often became heavily 
eutrophicated (Chapter 5). In some waters man retarded the succession by 
yearly harvesting the water plants which supplied the need for manure. In 
order to stop eutrophication many waters became situated in nature reserves 
in the course of this century, a measure which was generally accompanied by 
bringing water inlet to a halt. 
TABLE 1. Human activities common in the period ca. 1850 - ca. 1950 in 47 
soft and very soft waters which are now acidified. 
Period 1850 1900 1950 
Afforestation — — ^ ^ в · ^ ^ — ^ ^ ^ — ^ - —— 
Drainage ,_^___^^_^__^_____^^_^_ 
Removal of mud, peat or sand ___^__^___-_^_^_^_^_^_ 
Water inlet 




The influences of afforestation of the immediate surroundings upon 
soft-water systems are diverse. The effect of the activity of planting the 
trees differs from the impact of the full-grown forests. Afforestation of 
catchment areas affects the acid-neutralizing capacity of water bodies 
through the accompanying hydrological measures and through treatment of the 
heathlands with fertilizer, often basic slag, prior to afforestation. 
Afforestation implied tillage, which caused a disturbance of the soil 
profile and a change in the soil water balance. Drainage of surrounding 
land and the evaporation of full-grown trees have caused a shrinking of the 
surface area of pools and lakes. A second, important effect of the 
full-grown pine forests is a reduction of wind erosion. In the shallow 
Dutch soft-water systems erosion in wind-exposed parts is important if 
water bodies are relatively large or if they are situated in open land. 
Erosion resulting from wind action keeps the substrate bare and sandy and 
suitable for the growth of isoetid plants. A reduced wind erosion 
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stimulates the formation and accumulation of organic sediments, which are 
unfavourable to isoetids and other soft-water macrophytes. In the 
Netherlands, afforestation of the areas around the soft and very soft water 
sites studied has mainly taken place in the middle and at the end of the 
ІЭ
1
-" century (Table 1). Therefore, the serious decline in soft-water 
species since 1940 cannot be explained by the effects of afforestation 
only. As coniferous woodland filters acidifying substances from the 
atmosphere (Roelofs et al., 1985; Grennfelt and Hultberg, 1986), pine 
forests may have exacerbated water acidification after the enormous 
increase in the deposition of acidifying components. Particularly if 
catchment areas are large and completely covered by forest, this 
contribution to water acidification and ammonium enrichment may be 
important. Pollen from pine trees have caused an input of nutrients into 
aquatic ecosystems. 
Besides afforestation and hydrological measures, other human activities 
have also been carried out in many soft and very soft waters for economic 
or recreational purposes. They included cutting peat or digging sand, 
swimming, skating or fishing (Chapter 7 and Table 1). There have been 
obvious regional differences in the frequency and impact of such 
activities, which maintained or repeatedly created a sandy substrate or 
affected water chemistry through accompanying changes in the hydrology. 
Treatment of fish ponds with fertilizer or lime often caused heavy 
eutrophication of these systems. 
The ultimate effects of the utilisation of soft waters and the supplying 
of surface water to them depend upon the scale of this utilisation and the 
quality of the surface water, respectively. Where human activities (Table 
1) have been small-scale and extensive and where the supply of nutrients 
has been limited, which was the common situation in the 19 century and 
the beginning of this century, these human influences have unintentionally 
contributed to the creation and maintenance of suitable conditions for the 
growth of soft-water macrophytes, viz. a sandy sediment inundated by a 
clear and slightly acid to circumneutral water layer relatively poor in 
nutrients and bicarbonate. Westhoff (1978) and Van Dam (1987) already drew 
attention to the frequent occurrence of soft-water macrophytes in 
extensively managed anthropogenic environments. 
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Implications for nature management 
In the present situation the soft-water macrophyte Litt or ella uniflora 
only grows in waters fed by surface water or ground water and/or influenced 
by management or recreation (Chapter 8). In hydrologically isolated waters, 
devoid of any management, the species can only survive if these waters dry 
up in summer. With respect to maintenance and re-establishment of a 
vegetation of soft-water macrophytes, the present requirements of 
Littorella uniflora indicate the necessity of active measures, which 
counteract acidification by atmospheric deposition and maintain a mineral 
substrate. Indeed, protection of such vegetation types in nature reserves, 
in which direct human activities are restricted and any active management 
is absent, has not been successful (Wittig, 1982). For contemporary nature 
management, active measures may include the supply of adequate amounts of 
buffering substances and a regular removal of the vegetation and the 
organic top layer. Supplying buffering substances can be realized via water 
inlet or liming. However, liming without the creation of a mineral sediment 
is not sufficient to restore a soft-water vegetation. The success of 
removing the organic layer was corroborated by the results of experiments 
on the germination ecology of Littorella uniflora, which are presented in 
Chapter 9. The measure has successfully been applied in the restoration of 
one of the largest soft waters in the Netherlands, the Beuven (Buskens and 
Zingstra, 1988; Buskens, 1989). In this eutrophicated water body a removal 
of the mud bottom and most of the reed belt, combined with controlled water 
inlet have resulted in a complete regeneration of the original soft-water 
vegetation by recruitment from the seed bank. Perspectives for restoration 
of acidified water bodies are hopeful as well. In the sediment of acidified 
aquatic systems, which have lost their isoetid species, seeds of Littorella 
uniflora and Lobelia dortmanna can keep their germinative power for decades 
(Wynhoff, 1988). In these systems the re-establishment of an isoetid 
vegetation can be achieved by uncovering the sandy sediment. Since 
Littorella uniflora and Lobelia dortmanna can live in acid water, their 
maintenance at least requires a periodic removal of the organic material 
and a retardation of the succession by harvesting fast growing species such 
as Juncus bulbosus and Sphagnum. The re-establishment of a vegetation 
including also acid-intolerant soft-water macrophyte species additionally 
necessitates the supply of buffering substances. 
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Besides restoration of deteriorated soft-water systems, new soft waters 
can also be created in suitable areas (Dierssen, 1981). Of old, man has 
made suitable biotopes, such as sod-cut patches in moorland, ponds, 
ditches, canals, loam and sand excavations. However, if devoid of any 
management such situations are generally only of short duration nowadays. 
If the emissions of nitrogen and acidifying substances do not decrease, 
active, intensive and expensive nature management will continue to be 
necessary to guarantee the survival of soft-water macrophyte species. 
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ACHTERUITGANG VAN ATLANTISCHE ZACHT-WATER SYSTEMEN EN HUN FLORA, 
EEN HISTORISCHE BENADERING: 
SAMENVATTING 
Zacht-water systemen 
In dit proefschrift worden de abiotische en floristische veranderingen 
geschetst die hebben plaatsgevonden in zachte (zwak gebufferde en 
bicarbonaatarme) wateren in Nederland vanaf het einde van de vorige eeuw. 
Wateren van dit type, zoals vennen, vijvers, plagplekken, duinpoeltjes en 
duinvalleien, kwamen veelvuldig op de hogere zandgronden en in de 
duinstreek voor. Ze worden gekarakteriseerd door specifieke 
georaorfologische, hydrologische, fysisch-chemische en floristische 
kenmerken. In het algemeen zijn ze klein (< 10 ha) en ondiep (maximaal 1-2 
m) . De bodem is zandig en kalkarm. Ze worden voornamelijk gevoed door 
neerslag. Hierdoor kan de waterstand sterk wisselen en kunnen de wateren in 
het zomerseizoen droogvallen. Soms worden zachte wateren ook gevoed met 
grond- of oppervlaktewater, bijvoorbeeld sloten die gevoed worden door 
kwelwater. 
Deze omstandigheden leiden ertoe dat zachte wateren arm zijn aan 
voedingsstoffen en ten aanzien van zuur een geringe natuurlijke buffering 
hebben. Alleen duinpoeltjes langs de kust zijn vaak beter gebufferd. De 
zacht-water flora heeft een specifieke soortensamenstelling en is in 
Nederland relatief soortenrijk ten opzichte van de zacht-water flora in 
andere landen. Dit wordt veroorzaakt door de beperkte biogeografische 
verspreiding van een aantal van de soorten die tot deze flora behoren en de 
geografische positie van Nederland. Enerzijds bevindt Nederland zich nog 
juist binnen het verspreidingsgebied van de boreale (noordelijke) soorten, 
anderzijds ligt het binnen het gebied waar de atlantische (aan atlantische 
kustgebieden gebonden) flora nog goed vertegenwoordigd is. Het oeverkruid, 
LiCCorelIa uniflora (L.) Aschers., is één van de meest karakteristieke 
soorten. In vennen en vijvers bepaalde het vaak, samen met de waterlobelia 
Lobelia dortmanna L., het aspect van de plantengroei. 
Als gevolg van hun voedselarmoede en geringe natuurlijke buffering zijn 
de beschreven systemen zeer gevoelig voor externe invloeden. Al sinds een 
aantal decennia werd hun floristische achteruitgang opgemerkt en 
toegeschreven aan eutrofiëring. Aan het einde van de zeventiger jaren werd 
voor het eerst onderkend dat zachte wateren in Nederland ook verzuren. Om 
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opgetreden veranderingen in zachte wateren te kunnen kwantificeren en in de 
tijd te kunnen volgen is een historisch referentiekader nodig. Dit ontbrak 
tot dusver. 
Werkwijze 
Om voormalig zachte wateren op te sporen dienden de voor deze wateren 
meest karakteristieke waterplanten als indicatoren. Herbaria, archieven en 
literatuur werden geraadpleegd om zo veel mogelijk groeiplaatsen van deze 
soorten in verleden en heden te traceren. Ongeveer tweehonderd nog 
bestaande en voormalig zachte wateren, waarvan de lokatie nauwkeurig kon 
worden vastgesteld, werden in de periode 1983-1986 bezocht. Van elk water 
werd: 
- de huidige kwaliteit van het oppervlaktewater en de bodem vastgesteld. 
- de vegetatiesamenstelling beschreven. 
- historische informatie ten aanzien van plantengroei, waterkwaliteit, 
hydrologie en beheer verzameld. 
De waterplanten dienden niet alleen om zachte wateren te lokaliseren, maar 
ook om de fysisch-chemische veranderingen in deze wateren te achterhalen. 
De indicatiewaarde van waterplanten werd nader bepaald en onderbouwd met 
behulp van recent verzamelde fysisch-chemische en floristische gegevens. 
Verschuivingen in soortensamenstelling werden vertaald naar veranderingen 
in abiotische omstandigheden en opgetreden processen. Fig. 1 geeft de 
gevolgde werkwijze weer. 
Waterplanten als indicatoren voor de waterkwaliteit 
Waterplanten die karakteristiek zijn voor zachte wateren kunnen worden 
verdeeld in een groep tolerante soorten, die onder extreem zure 
omstandigheden (pH < 5) zich in ieder geval nog tijdelijk kunnen handhaven, 
en een groep soorten die beneden een vrij scherpe pH-grens (pH 5-6) niet 
meer worden aangetroffen. Het oeverkruid en de waterlobelia behoren tot de 
eerste groep soorten, evenals de grote biesvaren, Isoetes lacustrls L. Met 
behulp van deze twee groepen waterplanten kunnen twee typen zachte wateren 
worden onderscheiden. In het ene type komen slechts zuur-tolerante soorten 
voor, terwijl het andere type zowel zuur-tolerante als intolerante soorten 
herbergt. Eerstgenoemde wateren werden gekenmerkt door soortenarme 
begroeiingen van met name isoetide waterplanten. Dit zijn wortelende 
waterplanten met een klein, stijf en compact bladrozet van lijn- of 
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priemvormige bladeren, zoals oeverkruld, waterlobelia, grote biesvaren en 
stekelbiesvaren. Aangezien de alkaliniteit van de waterkolom in deze 
wateren altijd kleiner was dan 1 meq.l"1 kunnen zij gekarakteriseerd worden 
als "zeer zacht". De tweede groep van wateren was soortenrijker en relatief 
beter gebufferd. Zij kenmerkten zich door een alkaliniteit van het water 
van maximaal 2 meq.l"., en zijn aangeduid als "zacht". 








Correleren van floristische gegevens 
met water- en bodemsamenstelling 
Τ 
Indicatorsoorten Selectie van 
zachte wateren 
Veranderingen in water- en bodemkwaliteit 




Consequenties voor het natuurbeheer 
F i g . 1. De gevolgde werkwijze. 
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Onder water groeiende veenmossen blijken goede indicatoren te zijn voor 
verzuurde wateren met een pH beneden het traject 5-6. Deze veenmossen zijn 
Sphagnum cuspldatum Hoffm. en Sphagnum denticulatum Brid. Ook sikkelmos, 
Drepanocladus flultans (Hedw. ) Warnst., komt alleen ondergedoken voor 
beneden pH 5,9. Binnen de groep van verzuurde wateren vormen ondergedoken 
groeiende mossen eveneens goede indicatoren ten aanzien van de 
waterkwaliteit. De hogere waterplanten kunnen hiervoor niet gebruikt 
worden, aangezien zij slechts schaars vertegenwoordigd zijn in verzuurde 
systemen. In de meest zure en voedselarme wateren is Sphagnum cuspldatum 
het enige watermos. Beide andere soorten komen voor onder relatief rijkere 
omstandigheden. Van hen beide heeft Sphagnum denticulatum de breedste 
oecologische amplitudo. Deze soort kan onder relatief kalkrijke, zwak zure 
omstandigheden ondergedoken matten vormen, waarin geen andere watermossen 
voorkomen. 
Wanneer de pH daalt beneden 5 zullen intolerante zacht-water soorten 
verdwenen zijn, terwijl ondergedoken veenmossen verschijnen of reeds 
verschenen zijn. In de meeste, extreem verzuurde wateren zullen op den duur 
ook de zuur-tolerante zacht-water soorten verdwijnen. Naast uitbundige 
groei van ondergedoken veenmossen, treedt ook vaak woekering van knolrus 
op. In verzuurde wateren blijkt dit stadium slechts een tijdelijk 
verschijnsel te zijn. 
Intolerante en zuur-tolerante waterplanten zijn gebruikt om verzuring van 
oorspronkelijk zachte en zeer zachte wateren aan te tonen en om de 
historische ontwikkeling van het verzuringsproces in deze twee typen 
wateren te beschrijven. De overige processen die zich in deze eeuw in 
zachte en zeer zachte wateren hebben voltrokken konden worden beschreven 
met behulp van andere soorten waterplanten, waarvan de indicatiewaarde 
reeds bekend was. De slechts in beperkte mate beschikbare, oude 
fysisch-chemische gegevens vertonen een grote mate van overeenkomst met de 
geconstateerde veranderingen. 
Veranderingen in zachte en zeer zachte wateren in deze eeuw 
De zeer zachte wateren zijn verzuurd. Dit type water bestaat niet meer in 
Nederland. De zachte wateren zijn eveneens verzuurd, of geëutrofieerd of 
worden nog steeds gekenmerkt door een zacht-water vegetatie, zij het 
verarmd. Gebleken is, dat bij de processen die zich in de zachte en zeer 
zachte wateren hebben voltrokken, toename van het gehalte aan 
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voedingsstoffen - stikstof, fosfaat en koolstof - en ophoping van organisch 
materiaal in het sediment de sturende factoren zijn geweest. Wateren die nu 
eutroof en hard zijn, waren van oorsprong altijd zacht. Dit feit, en de 
aanwijzing dat enkele zachte wateren eerst zeer zacht waren, duiden erop 
dat eutrofiëring van zeer zachte wateren verloopt via een tijdelijk 
"zacht-water stadium". Dat wil zeggen dat toevoer van voedingsstoffen eerst 
een toename van het aantal soorten waterplanten veroorzaakt, vooral van 
soorten die extreem zure omstandigheden niet verdragen. Zowel bij verzuring 
als bij eutrofiëring kunnen waterlelie, Nymphaea alba L. , en gele plomp, 
Nuphar lutea (L. ) Sm., een eindstadium in de successiereeks vormen. Alle 
ondergedoken waterplanten zijn dan inmiddels verdwenen. Waterlelie en gele 
plomp zijn de enige waterplanten die kunnen groeien op sterk organische, 
zuurstofloze waterbodems. 
Het verzuringsproces is reeds in het begin van deze eeuw begonnen in 
hydrologisch geïsoleerde zacht-water systemen. In zachte wateren die gevoed 
werden met oppervlaktewater waren in die tijd vaak effecten van 
eutrofiëring reeds zichtbaar. De effecten van verzuring manifesteerden zich 
pas sinds 1925 in voor verzuring gevoelige systemen, het eerst in de minst 
gebufferde, zeer zachte wateren. Karakteristieke waterplanten verdwenen. 
Vanaf 1940 werden verzuurde wateren steeds talrijker. Deze toename loopt 
parallel met een exponentiële toename van de stikstof- (NHX) en 
zwaveldepositie (S0X) in Nederland. Dit duidt op een relatie tussen 
overmatige stikstoftoevoer, waardoor wateren zowel verzuren als rijker 
worden aan stikstof, en veranderingen in waterplantensamenstelling. De 
bewijzen hiervoor zijn in andere studies door experimenten geleverd. 
Naast verzuring, alkalinisering en eutrofiëring vormt ook ontginning 
door de mens een belangrijke oorzaak voor het verdwijnen van zacht-water 
soorten. In de totale afname van het aantal groeiplaatsen van de 
waterlobelia en het oeverkruid is ontginning als oorzaak minstens even 
belangrijk als verzuring. 
De besproken processen en biotoopvernietiging als gevolg van 
grootschalige heide-ontginningen hebben in deze eeuw het voorkomen van 
zacht-water soorten sterk verminderd. De afname van het aantal 
groeiplaatsen van de voorheen meest algemene isoetide waterplanten 
-oeverkruid en waterlobelia- bedraagt respectievelijk 87 Ζ en 99 Z. De 
waterlobelia is niet alleen sterker achteruitgegaan dan het oeverkruid, 
maar de afname heeft ook veel sneller en eerder in de tijd plaatsgevonden. 
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Het verschijnsel dat verzuring en eutrofiëring nadeliger hebben uitgewerkt 
op het voorkomen van de waterlobelia wordt veroorzaakt door een geringer 
morfologisch en fysiologisch aanpassingsvermogen van deze soort ten 
opzichte van het oeverkruid. In de duinstreek is het oeverkruid minder 
sterk achteruitgegaan dan in het binnenland. De soort komt in de huidige 
situatie nog voor in ongeveer 50 wateren, waarvan één derde duinpoelen en 
duinvalleien zijn. De overige vindplaatsen zijn in het binnenland gelegen. 
Duinpoelen en duinvalleien vormen dan ook een belangrijk refugium voor deze 
soort. 
Gebruik van zachte en zeer zachte wateren door de mens 
Veranderingen in zachte en zeer zachte wateren kunnen niet los gezien 
worden van het beheer en het economisch gebruik van deze wateren door de 
mens. In de 19e eeuw en het begin van deze eeuw werden de wateren zoveel 
mogelijk economisch benut. Tot de meest voorkomende en tevens ook meest 
ingrijpende activiteiten behoorden hydrologische ingrepen en bebossing van 
de heidevelden in de onmiddellijke omgeving van de wateren. Hydrologische 
maatregelen werden uitgevoerd om wateren geschikt te maken als visvijver of 
om omliggende gronden te draineren ten behoeve van de aanplant van grove 
den. Ook het gebruik van wateren als zwemwater of schaatsbaan ging vaak 
gepaard met het periodiek inlaten van grond- of oppervlaktewater. Inlaat 
van water betekent meestal toevoer van bufferstoffen, waardoor verzuring 
wordt vertraagd of tegengegaan. Echter, instroming van oppervlaktewater 
gaat ook gepaard met aanvoer van voedingsstoffen, waardoor eutrofiëring 
optreedt. Om deze eutrofiëring te stoppen heeft de mens veel wateren in de 
loop van deze eeuw weer hydrologisch geïsoleerd. Daarmee beëindigde hij de 
inlaat van bufferstoffen en bevorderde hij aldus de verzuring. 
De gevolgen van de bebossing van de onmiddellijke omgeving op de wateren 
zelf zijn erg uiteenlopend. Naast ingrepen in de hydrologie werd vaak een 
bewerking en bemesting van de heidegronden toegepast. Als gevolg van 
drainage en verdamping door de dennen zijn veel wateren in de loop van de 
tijd in oppervlakte afgenomen. Een belangrijk effect van bosopstanden і 
een reductie van de winderosie. Door windwerking blijft als gevolg van de 
in Nederland overheersende westenwinden aan de oostzijde van wateren een 
mineraal, zandig sediment aanwezig, terwijl het organisch materiaal aan de 
westzijde sedimenteert. In de ondiepe Nederlandse zachte en zeer zachte 
wateren, die voor een groot deel in open heidevelden gelegen waren, was dit 
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waarschijnlijk een belangrijk en vaak optredend verschijnsel. Door het 
wegvallen van deze erosie hoopt zich ook aan de oostzijde van de wateren 
organisch materiaal op. Dit is ongunstig voor zacht-water soorten, die met 
name groeien op een zandig en mineraal substraat. Aangezien bebossing van 
de omgeving van de bestudeerde zachte en zeer zachte wateren vooral heeft 
plaatsgevonden in de periode 1850-1900, kan de snelle verdwijning van 
zacht-water soorten uit deze wateren sinds 1940 niet het gevolg zijn van 
alléén bosaanplant. Omdat dennenbossen verzurende stoffen uit de atmosfeer 
filteren, dragen zij in het geval van grote en beboste drainagegebieden bij 
aan waterverzuring en stikstofverrijking. 
Overige menselijke activiteiten in zachte en zeer zachte wateren omvatten 
het steken van veen en het graven van zand, en recreatie in de vorm van 
zwemmen, schaatsen en vissen. Deze activiteiten waren in de diverse regios 
niet even gebruikelijk. Het gebruik van wateren als visvijver was 
bijvoorbeeld een typisch Brabantse aangelegenheid en werd daar het meeste 
toegepast in de Kempen. 
Kleinschalig en extensief gebruik van zachte en zeer zachte wateren en 
aanvoer van gebufferd, maar niet té voedselrijk water heeft positieve 
effecten gehad op het voorkomen van zacht-water soorten. Hierdoor werden 
gunstige omstandigheden voor hen gecreëerd of gehandhaafd. Intensivering 
van de landbouw, hydrologische isolatie en verbod op alle menselijke 
activiteiten waren ongunstig of zelfs desastreus voor zacht-water systemen 
en hebben de reeds beschreven processen geïnitieerd of bevorderd. 
Consequenties voor het beheer 
In de huidige situatie groeit het oeverkruid alleen in wateren die gevoed 
worden door oppervlaktewater of grondwater of waarin beheer wordt toegepast 
of recreatie plaatsvindt. De eisen die het oeverkruid in de huidige 
situatie aan zijn omgeving stelt, duiden op de noodzakelijkheid van aktieve 
beheersmaatregelen bij het behoud en het opnieuw cr^e en van zacht-water 
vegetaties. Dergelijke maatregelen dienen gericht te zijn op het 
neutraliseren van verzurende atmosferische depositie en de handhaving van 
een mineraal substraat. Ze omvatten de toevoer van bufferstoffen en het 
regelmatig verwijderen van de vegetatie en het organisch materiaal. Toevoer 
van bufferstoffen kan gerealiseerd worden door water in te laten of het 
systeem te bekalken. In het laatste geval dient echter ook de organische 
laag verwijderd te worden om regeneratie van zacht-water soorten mogelijk 
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te maken. Genoemde maatregelen zijn succesvol toegepast bij de restauratie 
van één van de grootste zachte wateren in Nederland, het Beuven. Dit ven 
was geëutrofieerd. Verwijdering van de modderlaag en de rietkraag, in 
combinatie met een gecontroleerde en gedoseerde waterinlaat, hebben geleid 
tot een volledige regeneratie van de oorspronkelijke zacht-water vegetatie 
vanuit de zaadbank. Ten aanzien van regeneratiemogelijkheden zijn de 
perspectieven voor verzuurde wateren eveneens hoopvol. Na 30 jaar kunnen 
zaden van het oeverkruid en de waterlobelia nog kiemen, indien ze onder 
voor kieming gunstige omstandigheden worden gebracht. Dit kan bereikt 
worden door al het organisch materiaal weg te halen. Zaden van het 
oeverkruid kunnen kiemen in zuur water. Bovendien blijkt dat de kieming van 
het oeverkruid gestimuleerd wordt door de volgende factoren: licht, een 2-
tot 4-weekse periode van uitdroging van de zaden en wisselende dag- en 
nachttemperaturen. Het regelmatig plaggen en schonen van ondiepe delen en 
de droogvallende oeverzone van oorspronkelijk zachte en zeer zachte, thans 
verzuurde wateren zijn dus goede maatregelen om vegetaties van isoetide 
waterplanten te herstellen en, in ieder geval tijdelijk, te handhaven. Het 
herstel van een vegetatie, waarin ook zuur-intolerante zacht-water soorten 
vertegenwoordigd zijn, vereist in verzuurde wateren aanvullende maatregelen 
om toevoer van bufferstoffen te realiseren. 
Naast restauratie van verzuurde en geëutrofieerde, voorheen zachte of 
zeer zachte wateren, kunnen ook gunstige biotopen voor zacht-water soorten 
worden gecreëerd. De mens heeft dit altijd al gedaan, blijkens het 
voorkomen van zacht-water soorten op plagplekken in heidevelden, in 
vijvers, sloten, kanalen, zand- en leemputten. Echter, ook dergelijke 
biotopen vereisen vaak een aktief beheer in de huidige situatie. 
Zolang de emissies van stikstof en verzurende stoffen niet vergaand 
gereduceerd zullen zijn, zal een voortdurend, aktief, intensief (en dus 
duur) natuurbeheer noodzakelijk blijven om het voortbestaan van zacht-water 
soorten te garanderen. 
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1. De wettelijk vastgestelde normen voor de kwaliteit van 
oppervlaktewateren met een specifieke functie zijn onvoldoende om 
deze functies te garanderen. 
2. Het verbieden van menselijke activiteiten in wateren, waaraan "de 
ecologische normdoelstelling van het hoogste niveau" is toegekend, 
is voor kalkarme wateren geen juist beheersadvies. 
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3. Op grond van waterkwaliteit en plantengroei kwamen van oorsprong 
meerdere typen vennen in ons land voor. Dit dient tot uitdrukking 
te worden gebracht in de ecologische normdoelstellingen en het 
daarop gerichte beheer. 
4. Dat de kleur groen milieuvriendelijkheid symboliseert geeft weer 
hoop. 
5. Voor het modelleren van watersystemen is niet de wiskundige 
techniek, maar de leemte in oecologische kennis een beperkende 
factor. 
6. Het feit dat bij sollicitatieprocedures mannen geen positieve 
voorkeursbehandeling mogen krijgen, duidt erop dat de positie van 
de vrouw nog steeds niet gelijkwaardig is aan die van de man. 
7. Bij de fysisch-chemische waterkwaliteitsbeoordeling wordt te 
weinig aandacht besteed aan de bicarbonaathardheid. 
8. Naast de meest recente literatuur zouden wetenschappers tevens de 
oudere literatuur in hun artikelen moeten verwerken. 
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Deterioration of atlantic soft-water systems and their flora, a 
historical account. 
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